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ABSTRACT 
High performance aramid fibers, such as Kevlar, AuTx, and Twaron have been 
designed for ultra-high specific strength and stiffness. These fibers derive their superior 
properties from the high degree of molecular orientation that allows for efficient load 
transfer to the backbone covalent bond axis. While the experimental Young’s modulus of 
aramid fibers approaches the theoretical limits, the measured mechanical strength is quite 
lower than the predicted values. The objective of this dissertation research was to obtain 
an understanding of the subtle differences in the structure of commercial grade aramid 
fibers with different tensile strength and modulus values. Towards this goal, single fiber 
tension experiments were conducted with various fiber gauge lengths to evaluate the 
existence of fiber length size effects and, therefore, a statistical distribution of defects 
limiting the fiber strength. The test results were supported by several studies of the fiber 
structure via various modalities of high resolution microscopy. 
Uniaxial tension tests were carried out with AuTx and KM2 fibers with gauge 
lengths between 100 µm and 10 mm. The average strength of KM2 fibers was 4.4 ± 0.4 
GPa, with a high value of 5.2 GPa and a low value of 3.5 GPa. The average tensile 
strength decreased by 20% as the gauge length increased from 100 µm to 10 mm. The 
tensile modulus of KM2 fibers was calculated to be 85.6 ± 3.7 GPa. Similarly, the 
average strength of AuTx fibers was 5.5 ± 0.7 GPa, with a high value of 6.8 GPa and a 
low value of 4.4 GPa. A reduction of approximately 20% in the average tensile strength 
value was also established when the gauge length increased from 100 µm to 10 mm. The 
relative insensitivity of the fiber tensile strength to the gauge length suggests that failure 
in both kinds of aramid fibers could be due to processes or defects at length scales well 
below the micron-scale.  
High resolution SEM images were obtained to understand the surface morphology 
and the internal structure of KM2 and AuTx fibers. A process of crushing and splitting of 
KM2 fibers revealed the presence of circular microfibril building blocks that were as 
small as 5 nm in diameter, with lengths exceeding 500 nm. AuTx fibers formed ribbon-
like fibrils when deformed, with finer and more ordered microfibrils compared to those 
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found in the fracture sections of KM2 fibers. Furthermore, the fiber failure sections from 
tensile tests revealed several distinguishing features. Both types of fibers had distinct skin 
but with different thickness and morphology. Specifically, the skin of KM2 fibers was 
relatively featureless in comparison to AuTx. The core of both types of aramid fibers was 
comprised of microfibrils that were qualitatively more ordered and better oriented in 
AuTx than in KM2 fibers. Webs of individual microfibrils formed in the interior of failed 
KM2 and AuTx fibers, whose structure provided evidence for stronger cohesive forces 
present in AuTx compared to KM2 fibers.  
AFM imaging was conducted both on the fiber surface and on fiber cross-sections 
obtained by a microtome blade. Ordinary AFM tips (tip radius of ~10 nm) resolved 
surface microfibrils that were aligned with the axis of KM2 and Twaron fibers, while 
more complex surface features were evidenced in AuTx fibers. Ultra-sharp AFM tips (tip 
radius of ~2 nm) revealed a crystallite-like structure of the microfibrils on the surface of 
KM2 fibers. Longitudinal microtome fiber cuts allowed for excellent resolution images, 
especially with the use of 2-nm radius AFM tips. Unfortunately, transverse microtome 
fiber cuts were subjected to severe knife damage which prevented detailed AFM imaging. 
Finally, TEM imaging was carried out on microtome cut fiber sections. The 
aramid fibers were resistant to all applied staining methods, and, therefore, the additional 
information from TEM imaging was limited. KM2 fiber sections demonstrated periodic 
defect banding along the fiber axis, with larger microtome knife damage near the fiber 
skin. Meanwhile, AuTx fiber cuts demonstrated a mix of low damage areas, and areas 
covered with ripples. Finally, transverse microtome sections of AuTx showed both 
extensive tearing and folding, which prohibited their use for high magnification TEM 
imaging. 
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CHAPTER 1 
 
 
 
1. INTRODUCTION   
1.1 High Performance Aramid Fibers 
High performance aramid fibers, often referred to by their trade names Kevlar, 
Twaron, Armos, AuTx, etc., consist of super-rigid molecular chains oriented along the 
fiber axis [1]. This allows for utilization of the covalent bonds along the polymer chain, 
which leads to high Young’s modulus and strength, much higher than a steel wire by 
weight [2, 3]. They are often referred to as a specific subset of lyotropic liquid crystalline 
polymers [4]. However, they can also be referred to as polyamides (a subset of rod-like 
condensation polymers) [5], aromatic polyamides [6], para-oriented aromatic polyamides 
[7], aramids [8], or para-aramids [9]. The research presented for this dissertation focuses 
predominantly on Kevlar KM2 and AuTx which is a derivative of the Russian Rusar and 
Armos fibers. The two types of fibers are henceforth referred to as high performance 
aramid fibers. 
 
1.1.a Stoichiometry and Molecular Organization of Aramids 
Different varieties of aramid fibers have different stoichiometry. Kevlar and 
Twaron fibers are derived from different processing routes of poly(p-phenylene 
terephthalamide) (PPTA, or PPD-T) [7, 10] which is synthesized by low temperature 
polycondensation of p-phenylene diamine and terephthaloyl chloride in a dialkyl amide 
solvent. PPTA molecules can appear in the trans and cis conformations, although the 
trans conformation is almost exclusively found in fibers due to steric effects [11]. Armos, 
an ancestor to the Rusar and AuTx fibers, is a copolyamide based on poly(p-phenylene-
benimidazole-terephthalamide-co-p-phenylene terephthalamide) [12]. These copolyamide 
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fibers are generally composed of a typical aramid component similar to PPTA, with a 
heterocyclic component that is reported to prevent crystallization and instead promote the 
formation of mesophases, allowing for larger draw ratios and, therefore, better molecular 
orientations leading to improved mechanical properties [13].  
The molecular weight (MW) plays a key role in polymer strength. Given that the 
MW of commercial fibers is largely proprietary information, different assumptions and 
measurements are often made in literature. Smith and Termonia quoted a monodisperse 
MW = 30,000 g/mol for commercial PPTA fibers [14], while in a different study MW = 
40,000 g/mol was used for PPTA fibers and a number averaged MW = 20,000 g/mol for 
Kevlar 29 [15]. Derombise et al. found that Twaron 1000 fibers had a number averaged 
MW = 10,900 g/mol, a weight averaged MW = 32,900 g/mol, and a z-average MW = 
54,000 g/mol, with a polydispersity index of 3.0 [16]. A polydispersity of 2 is quoted by 
Roche et al. in their study on thin-film PPTA/H2O4 systems [17].  
 
1.1.b Spinning Production 
There are numerous routes to synthesizing high performance fibers [18, 19]. 
According to Yang, the “classical synthesis involves low temperature polycondensation 
of p-phenylene diamine (PPD) and terephthaloyl chloride (TCl) in a dialkyl amide 
solvent [7].” The polymeric resultant of PPTA is isolated by precipitation with water, 
neutralized, and then washed and dried [7]. This PPTA is then dissolved in sulfuric acid. 
Depending on the concentration of the polymer, several different liquid crystalline 
structures may be formed. At low concentrations, PPTA forms rod-like molecules that are 
randomly oriented. As the polymer concentration increases, the PPTA molecules begin to 
form ordered arrangements, creating small domains that allow for more efficient packing. 
Eventually, with increasing concentration, a “nematic” state is reached, whereby a large 
number of oriented molecules form domains that are packed tightly in random 
orientations. If this is cooled beyond a certain transition temperature, it will solidify into a 
two-dimensional layered smectic state [7]. Section 1.2.a provides an explanation on the 
nematic and smectic mesophasic states. 
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The viscosity greatly increases with weight concentration of the PPTA/H2SO4 
solution until around 12%. In this range of concentrations, the solution is largely 
isotropic. Between 12% and 19%, the solution becomes more anisotropic and the 
viscosity greatly decreases until reaching a minimum upon which the solution becomes 
biphasic between liquid and solid with increasing concentration. When the solution is 
subjected to shear or elongational flow, the liquid crystalline domains orient and elongate 
their long axis along the shear direction. According to Yang [7], at high shear or 
elongation rates, the boundaries of the liquid crystalline domains may be partially 
destroyed or link to form a fibrillar structure. 
The original process for spinning aramid fibers was invented by Blades [20]. In 
this process, the anisotropic solution is pushed through a metal spinneret and into an air 
gap followed by a liquid coagulation bath. As the solution is pushed through the 
spinneret, capillary shear causes the liquid crystalline domains to orient with the flow. 
The air gap further orients the molecules through spinning tension [7]. The coagulation 
bath then causes the solution to cool to the transition temperature, where the molecules 
form a crystalline solid. Meanwhile, during passage through the air gap and the 
coagulation bath, the sulfuric acid solvent evaporates rapidly, freezing the molecular 
structure in place and preventing some relaxation of the crystalline domains (the extent of 
relaxation depends greatly on the coagulation conditions). The fibers are then taken up, 
washed, neutralized, and post-treatments are applied. Figure 1.1(a) shows the processing 
procedure of PPTA fibers developed by Blades, while Figure 1.1(b) shows the domain 
orientation that occurs near the spinneret: the rigid rods of the molecules are organized 
into domains, which are then oriented through the metal spinneret and the air gap. Figure 
1.2, which is adopted from the Twaron product brochure [10], shows that Twaron follows 
the same general procedure as PPTA, and illustrates the overall processing steps from 
polymerization to packing. 
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(a) (b) 
Figure 1.1 (a) Dry-jet wet spinning process developed by Blades [20]. (b) Molecular 
domain orientation during the dry-jet wet spinning process [21].   
 
 
Figure 1.2 Twaron fiber processing. Chart was adapted from [10].  
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The high performance fibers fabricated in Russia followed a different production 
path than PPTA fibers. SVM, created in 1976, is a heterocyclic para-aramid 
homopolymer based on diaminobenzimidazole [22]. The evolution of this technique 
resulted in the Armos fiber, which was created by copolycondensation of 
diaminobenzimidazole and p-phenylenediamine. This product was then dissolved and 
spun into a water-dimethylacetamide bath. Finally, Rusar (upon which AuTx is based 
[23]) changed the ratio of diaminobenzimidazole and p-phenylenediamine while spinning 
into an alcohol bath [22]. While there is little information about the spinning process, it is 
likely that the overall technique follows that of the earlier described dry-jet wet spinning 
used for PPTA fibers, i.e. a dissolved liquid crystalline solution driven through a 
spinneret. 
 Processing parameters greatly affect the properties of the resulting fibers. Many of 
the proprietary fibers are made distinct by tweaking these parameters, while utilizing 
similar chemical compounds. For example, Picken et al. showed that the polymer 
concentration, the size of the air-gap and the coagulation bath temperature greatly affect 
the initial modulus for PPTA fibers [24]. Allen et al. synthesized PPTA fibers with 
strengths ranging from 200 MPa to 4.2 GPa and moduli from 10 GPa to 160 GPa by 
varying parameters such as the solution concentration, coagulation, heat treatment, and 
spin stretch factor [25].  
 
1.1.c Post-processing Treatments 
While high performance aramid fibers acquire their high tensile properties 
directly from the spinning process, several techniques can be utilized after spinning to 
further increase their properties, which makes it possible to produce variants of 
chemically similar fibers for different purposes. For example, Du Pont’s Kevlar 29, 49, 
and 149 are all based upon the same stoichiometry, but have different mechanical 
properties as well as key differences in crystallinity. Section 1.3.d contains a discussion 
of thermal post-processing treatment. Additionally, post-processing includes washing, 
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sizing, spinning into yarns, etc., which are often used to combat property degradation 
from environmental effects.  
 
1.2 Supramolecular Structure of High Performance Aramid Polymers 
Several models for the supramolecular structure of high performance aramid 
fibers have been proposed, although the majority of these models are focused on PPTA 
materials. Only the most relevant and widely supported models are mentioned here, in 
chronological order. 
Dobb et al. proposed a supramolecular organization of Kevlar 49 fibers consisting 
of radially arranged pleated sheets [26]. This structure was based on diffraction patterns 
and TEM dark-field micrographs of microtomed specimens showing alternating bands 
(often called pleats) inside the fiber. Using diffraction data, the authors concluded that 
this radial orientation is not perfect, and that these sheets are an aggregation of 
crystallites of similar orientation. The banded structure has a periodicity of ~500 nm, 
with a bend in the middle of around 10˚.  There is a transition zone of ~30 nm in this bend 
between the two ~250 nm segments, and this periodicity changes near the perimeter of 
the fiber. In a later TEM study on microtomed Kevlar 981, visible bands devoid of the 
staining medium silver sulphide corresponded to the transition zone, which may be more 
efficiently packed [27]. 
The formation of these banded structures has been studied in poly-benzyl l-
glutamate (PBLG) liquid crystalline polymer in solution and in dried thin film form by 
Kisst and Porter [28]. It was found that relatively medium to high shear rates of highly 
concentrated solutions resulted in immediate formation of transverse pleats in solution, 
while lesser concentrated solutions required the termination of shear, with transverse 
banding forming during material relaxation. The duration of this relaxation was 
dependent on the preceding shear rate. As in the case of high performance aramid fibers, 
these bands could be frozen if a volatile solvent was used. Donald and Windle [29] noted 
that the change in periodicity of the bands at the edges of Kevlar fibers, where the shear 
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rate in solution is very different, is similar to the findings of Kisst and Porter’s study for 
PBLG solutions and films. In a later study, Donald et al. noted that these bands appear to 
be a general feature of liquid crystal polymers that are oriented by flow [30]. Finally, 
Roche et al., studying thin-film PPTA/H2O4 systems, found a direct connection between 
increasing band length and increasing polymer chain length, although it is relatively 
unclear if this connection would apply to high performance PPTA fibers as well [17]. 
This may also indicate that the transition region tends to occur around groups of polymer 
chain ends, corresponding to the end points of an organized domain of rigid molecules. 
The pleated sheet structure is supported by other observations of pleats in aramid 
polymers, and can be affected by external conditions. Yang et al. measured the strain 
birefringence of both Kevlar and Kevlar 49 via a spectrophotometric method, and imaged 
the transverse pleating directly through optical microscopy. They found that the pleats 
were greatly diminished when the axial loading increased [31]. This diminished pleating 
was also seen in Kevlar 49 by Roche et al, with almost all diffraction caused by the 
pleated structure eliminated at about 60% of the fracture stress, while the pleating pattern 
was restored upon relaxation [32]. This supramolecular reorientation of molecular 
crystals was proposed to be responsible for the increase in modulus with stress. By 
utilizing optical methods, Simmens and Hearle found that the pleating bands were 
interference fringes that changed spacing depending on the wavelength of light used, and 
were due to periodic light scattering regions in the fiber [33]. Importantly, they noted that 
pleating was continuous in finer fibrils that were exposed by breaking Kevlar 29 fibers, 
but was not continuous across the entire fiber. Instead, irregularly defined regions were 
seen, analogous to grain boundaries between crystals in a polycrystalline material. In his 
optical microscopy studies on etched Kevlar and Twaron fibers of different varieties, 
Shahin also noted the same interference features as Simmens and Hearle [34]. However, 
by virtue of Nomarski differential interference contract microscopy, Shahin reported that 
several Twaron varieties had longitudinal texturing as well as the transverse periodicity 
seen in Kevlar. Finally, Dobb reported that the varieties of Kevlar with the highest 
modulus do not exhibit a pleated structure [26]. This is likely due to the large extension 
under heat applied during post-processing, which improves the orientation of the 
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crystalline domains along the fiber and increases the elastic modulus, but reduces the 
strain at failure. 
Panar et al. observed this pleated structure by polarized light microscopy and in 
SEM images of hydrochloric acid treated PPTA fibers [35]. Here, the 250 nm bands that 
were proposed to make up the 500 nm pleat periodicity were visible in fractured fibers. In 
the model proposed by Panar et al. [35], the pleated structure was superimposed onto a 
supramolecular fibrillar structure, where the intact fiber consisted of a large number of 
fibrils. It was assumed that uniform and axially oriented surface fibrils with nearly perfect 
packing comprise the fiber skin. These closely packed fibrils prevent most solvents from 
penetrating to the fibrils in the less ordered and uniformly packed core. Based on etching 
and broken fibers, the fibrils were postulated to have 600 nm diameters. Further, etching 
revealed potential tie bundles (groups of molecular chains bridging fibrils) and horizontal 
lines with 30-40 nm periodicities, which were postulated to correspond to defect bands 
within the fibrils. According to Panar [35], these defect bands could include possibly 
50% of the molecular chain ends and are bridged by extended chains across this defect 
zone. Such extended chains bridging between defect zones are logical given the context 
of large polydispersity, e.g. Section 1.1.a, as longer chains could bridge between average-
sized crystallites. Panar et al [35] also observed stacked 35-nm platelets at the broken end 
of a fiber that had been degraded in hydrochloric acid and was lightly plasma etched, 
corresponding to the periodicities observed previously. These periodicities could 
correspond to the apparent crystallite lengths obtained in X-ray diffraction measurements 
(Section 1.2.a). 
Morgan et al. proposed a similar model, but with key differences in the way 
crystallinity in PPTA fibers affects its supramolecular structure [19]. In their model, rod-
like PPTA macromolecules are aligned with the fiber axis, forming crystallites in the core 
that are 200-250 nm long and ~60 nm in diameter, as shown in Figure 1.3. While some 
degree of structural continuity between rods is assumed along the fiber, the chain ends 
are progressively more clustered in the fiber interior, resulting in weak planes every 200 
nm, which correspond to the average PPTA macromolecular length. These defect regions 
concentrate in planes that are transverse to the fiber direction, where chain ends group 
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together due to steric and ionic factors [19]. At these chain ends crack propagation can 
occur, with transverse cracks passing more easily along weak planes inside the core. 
Furthermore, longitudinal cracks parallel to the rods can form in both the skin and the 
core as this requires only the rupturing of hydrogen or van der Waals bonds. The same 
authors also proposed a clear skin-core differentiation, similar to Panar et al. [35], via the 
hypothesis that solidification of the skin during manufacturing prevents chain ends from 
grouping together, therefore forming a less crystalline region with random chain ending. 
The pleating model proposed by Dobb et al. [26] could be superimposed onto this 
structure, in effect linking the pleated sheets to radial groupings of these crystallites. If 
groups of chain ends were bridged by extended molecules as described by Panar’s model 
[35], or the crystallites otherwise bonded together at their ends, this model could also 
explain the fibrils seen in fracture experiments that are much smaller than the fibrils 
reported by Panar et al. [35]. While this model is strongly based on observation and 
offers a compelling model for fracture, Roche et al. observed that the connection between 
pleating and groups of chain ends by Morgan et al. was based on an erroneous estimate of 
the molecular weight of PPTA [17]. 
By taking advantage of advances in imaging during the late 1980’s and early 
1990’s, Sawyer [36, 37] incorporated in his model even smaller building blocks that were 
called microfibrils, and posited that all liquid crystal polymers (LCP) are composed of the 
same fibrillar hierarchical structure. In this model, Figure 1.4, an oriented liquid 
crystalline fiber is comprised of macrofibrils that are 5 μm in diameter, which, in turn, are 
comprised of fibrils with ~500 nm diameter. These fibrils are then comprised of 
microfibrils, originally thought to be ~50 nm in diameter, with later STM evidence [37] 
of even smaller, ribbon-like microfibrils ~2-3 nm deep, 10-30 nm wide, and 100-500 nm 
long. While these dimensions vary between LCP species and likely depend greatly on 
MW and stoichiometry, the same general hierarchy was believed to hold across different 
species. 
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(a) (b) 
Figure 1.3 Structural model proposed for PPTA fibers by Morgan et al. (a) Grouping of 
crystallites and chains at the fiber skin. Note that the crystallites are not completely uniform. 
(b) A fiber core crystallite. Created according to Morgan et al. [19].  
 
The terminology by Sawyer et al. will be used throughout this dissertation [37], 
although observations on the shape and dimensions of the fibrils and microfibrils make 
the hierarchy proposed here a guide rather than a rule. For example, similar results were 
reported by Itoh and Hashimoto, who found ~100 nm thick “microfibrils” comprised of 
needle shaped domains that were 10-20 nm thick and 200-300 nm long [38]. Thus, in this 
dissertation, the smallest supramolecular unit (~5-15 nm thick) will be termed as 
microfibrils, while groups of these smaller base units will be referred to as fibrils. 
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Figure 1.4 Model by Sawyer et al. for LCP fibers with supporting images [36]. Later, the 
model was modified to include smaller, ribbon-like, microfibrils that were 100-500 nm in 
length, 2-3 nm in thickness, and 10-30 nm in width [37]. 
 
 
1.2.a Crystallinity and Core organization 
Northolt [39] was the first to undertake a detailed diffraction study on wet-spun 
PPTA by CuKα radiation. He proposed that the crystal and molecular structure of PPTA 
is based on a monoclinic (pseudo-orthorhombic) unit cell with a = 7.87 Å, b = 5.18 Å, c = 
12.9 Å, and γ = 90˚. Other studies found similar results, although differences were 
sometimes noted in X-ray reflections, space groups, and unit cell morphologies, as well 
as an indication for two different unit cells depending on the solution parameters 
(although only the one reported by Northolt is overwhelmingly found in commercial 
PPTA fibers) [40-43]. Molecular chains form crystals as shown by Dobb et al. in Figure 
1.5 [44]. Covalent bonds form along the fiber axis, while hydrogen bonds form between 
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molecular chains in the horizontal plane. Finally, van der Waals forces in the form of π-
bonds in aromatic rings bond the molecular planes together in the vertical direction [45]. 
The mechanical properties of these crystals have been computed and measured by various 
methods. The theoretical crystallite modulus for Kevlar fibers ranges from 180 GPa to 
220 GPa [41, 46, 47]. Nakamae et al. used X-ray diffraction to find a linear contraction of 
the crystalline lattice of a Kevlar bundle up to 800 MPa, and estimated the Poisson’s 
ratios for (100), (010), and (110) planes to be 0.31, 0.20, and 0.24, respectively [48]. The 
low Poisson’s ratio for the (010) plane was attributed to the hydrogen bonds in the lattice, 
while the (100) plane corresponded to weak van der Waals forces. In the transverse 
direction, the crystal lattice was more resistant to contraction than the bulk specimen, 
potentially due to voids and defects in the bulk specimen. Similar results were found by 
Chu et al. in synchrotron X-ray radiation experiments on single PPTA fibers [49]. The 
size of crystalline domains constituting many aramid fibers (PPTA-based fibers 
especially) originate in X-ray data, which can be conflicting and are highly dependent on 
the equipment and procedure used. The examples intable 1.1.1 demonstrate the spread of 
crystallite domain data between specimens and studies. However, qualitative trends can 
be derived: for instance the lateral crystallite size increases and disorientation decreases 
in higher modulus fibers. 
The crystallinity of an aramid fiber depends on its chemical structure, processing, 
post-treatment annealing, etc. Even within the Kevlar brand, there are many varieties of 
fiber with different degrees of crystallinity. Furthermore, different measurement methods 
and research groups have reported different results. By using wide angle X-ray 
diffraction (WAXD) Hindeleh et al. reported a crystallinity of 68%, 75.5%, and 82% for 
Kevlar 29 [50], Kevlar 49 [51], and Twaron [52], respectively. Meanwhile, by citing data 
from Panar et al. [35], Yang [7], states that the crystallinity of Kevlar 29 is 80-85%, and 
of Kevlar 49 is 90-95%. Yang attributes this discrepancy between the two groups to a 
missed peak in the diffraction patterns found by Hindeleh et al. Springer et al. also found 
a crystallinity of 90% for Kevlar 49 [53]. However, Chatzi et al. calculated that 70% of 
the N-H groups in Kevlar 49 fibers are inaccessible to moisture due to high order, 
perhaps supporting Hindeleh’s results [54], as the crystalline lattice has been found to be 
relatively inaccessible to moisture [55].  
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Figure 1.5 Molecular stacking in PPTA crystals. The horizontal dotted lines represent 
hydrogen bonds. The vertical ABABAB… stacking is due to van Der Waals forces [44]. 
 
Modeling of the crystalline structure of aramid fibers has been a point of 
contention in literature, as evidenced by the number of existing models. In his analysis of 
literature and x-ray microscopy data, Barton made the hypothesis that Kevlar and PPTA 
fibers are best modeled as one-dimensional paracrystalline structures, a single phase 
structure with good local order but a cumulative statistical lattice disorder over longer 
range [46], a view also shared by Rao et al. [56]. In contrast, Zavadskii et al. found that 
Kevlar contains both amorphous regions and crystallite segments [57], which Obaid et al. 
supported through NMR studies on free diamine rings [58]. Offering a completely 
different model based on their 2-dimensional WAXD patterns, Ran et al. proposed that 
Kevlar 49 is actually a three phase structure, containing amorphous and crystalline zones, 
with an intermediate mesomorphic phase [59]. This “mesophase” comprises 20-25% of 
the fiber by weight, whereas the amorphous and crystalline regions are nearly 30% and 
50% of the fiber by weight, respectively. In this model, the mesophase has only partial 
order with irregular packing along the fiber axis, and exists around or within crystallite 
surfaces, while amorphous material exists between crystallites or at fibril interfaces. 
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Table 1.1 Summary of crystallite data. The longitudinal crystallite size is along the axis 
(00c). The lateral crystallite size (a00) corresponds to the van Der Waals bond direction. 
(0b0) corresponds to the hydrogen bonding direction. Paracrystalline distortion describes 
the statistical displacement of a lattice point from its average position [60]. The degree 
orientation is an indication of crystallographic disorientation with respect to the long axis.  
Fiber  
type 
Longi-
tudinal 
crystallite 
size (Å) 
Lateral crystallite size 
(Å) 
Para-
crystalline 
distortion (%) 
Degree of 
orientation 
/ Orientation 
parameter 
Kevlar 
 
Kevlar 
50% 
Humidity 
325 ± 6
1
 
 
 
268 ± 5
1
 
(110) 45.6 ± 0.2
1
 
(200) 44.9 ± 0.3
1
 
 
(110) 48.6 ± 0.1
1
 
(200) 47.4 ± 0.2
1
 
1.56 ± 0.01
1
 
 
 
1.57 ± 0.01
1
 
 
0.928
1
 
 
 
Kevlar 29 350 ± 10
 
[61] 
(004) 200
2
 
(006) 110
2
 
656 [62]
 
 
(110) 72 ± 6
 
[61] 
(110) 45.1 (200) 39.6 [27] 
(110) 52  (200) 46 [62] 
 
2.32 ± 0.08
 
[61]  
1.92 [62] 
 
0.961±0.005
 
[61] 
25.0˚ [27] 
12.2˚ [62] 
 
Kevlar 49 360 ± 10 [61] 
(004) 210
2
 
(006) 110
2
 
737 [62] 
(110) 87 ± 7
 
[61] 
(110) 50.8 (200) 40.6 [27] 
(110) 42.3 (200) 38.5 [51] 
(110) 66  (200) 51 [62] 
1.92 ± 0.07
 
[61]  
1.66 [62] 
 
0.982±0.003
 
[61] 
14.4˚ [27] 
6.8˚ [62] 
 
Kevlar 
119 
609 [62] (110) 50  (200) 45 [62] 1.91 [62] 16.2˚ [62] 
Kevlar 
149 
400 ± 12
 
[61] 
(004) 270
2
 
(006) 180
2
 
1548 [62] 
(110) 108 ± 8
 
[61] 
(110) 91.4 (200) 58.5 [27] 
(110) 123 (200) 76 [62] 
 
1.71 ± 0.06
 
[61]  
1.40 [62] 
0.991±0.002
 
[61] 
13.5˚ [27] 
6.4˚ [62] 
Kevlar 
981 
 (110) 45.2 (200) 40.4 [27] 
 
 19.7˚ [27] 
 
Twaron  (110) 35.3 (200) 32.3 [52] 
(110) 54.1 (200) 44.8 [27] 
 22.2˚ [27] 
Twaron 
1000 
(002) 627 
[16] 
(004) 209 
[16] 
(110) 58.3 ± 1.3 [16] 
(200) 52.7 ± 0.9 [16] 
  
Armos 105 ± 3.2 
[57] 
  19˚ [57] 
 
                                                 
1
 Fukuda and Kawai [56]. Lateral crystallite sizes found with Scherrer’s Eqn. 
2
 Grubb et al. [62]. Longitudinal crystallite size given is based on apparent size. 
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The mesophase, the matter that exists as an intermediate phase between liquid and 
solid phases, has been used to describe the structure of liquid crystalline polymers [4]. Of 
the three commonly used phases, two are the most likely candidates for making up the 
mesophases proposed in high performance aramids: nematic and smectic. In the nematic 
phase, molecular domains are oriented with their long axes in the direction of the aligning 
force (such as the shear stress generated by the spinneret during the spinning process). 
This mesophase is characterized by repeating polymer units having parallel but not lateral 
order. In the case of aramids, it could be depicted as finite rods (consisting of groups of 
molecular chains) oriented in the same direction, with randomly distributed ends. The 
smectic phase is closer to a crystalline structure, with molecules arranged in ordered or 
disordered planes, thus having both parallel and lateral order [4]. 
Copolyamides, such as AuTx, also exhibit interesting crystallinity and 
mesophasic behavior. Levchenko et al. found via x-ray diffraction that the Armos fiber 
has a high degree of orientation, although Bragg reflections were not visible due to the 
predominantly noncrystalline structure [12]. Thus, there was no three-dimensional order 
in the plane perpendicular to the chain axis. Instead, smectic and nematic mesophases 
were seen. While there was no “real” crystallinity, a longitudinal order of ~20 nm in 
length was observed, similar to 25 nm crystallites seen in Kevlar fibers [12]. The non-
crystalline property of copolyamides is well-known, as the incorporation of the second 
diamine in the macromolecule for SVM, Armos, and Rusar polymers decreases the order 
in the spinning solution and creates an amorphous state after spinning [22]. This allows 
for macromolecules to become much more ordered once heat treated. Obaid et al. 
extended this concept, stating that copolymer aramid fibers form a noncrystalline phase 
with two-dimensional long range order that allows for the dissipation of internal stresses 
during post-processing [58]. The lack of distinct boundaries between ordered and 
disordered domains in a mesophase dominated structure was postulated to prevent crack 
growth originating in stress concentrations in the highly ordered amorphous regions in 
PPTA. This was supported by SEM micrographs of Armos and Kevlar KM2 etched with 
plasma, where the ordered domains in Armos had large spacing and random junctions 
between them, while KM2 had well organized, densely packed crystallites. Zavadskii et 
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al. also found intense narrow diffraction reflections for meridional x-ray scattering, and 
stated that such reflections show a mesophasic structure [57]. 
The relationship between crystalline structure and tensile properties is not 
conclusive in literature. Hindeleh and Abdo found that thermally aged (150 ˚C) Kevlar 49 
fibers had decreasing crystallinity with time, until reaching a plateau at 62.3% at 44 days. 
Their results supported a linear relationship between increasing crystallinity and 
increasing modulus. A similar linear relationship between crystallinity and modulus was 
found for annealed Kevlar 49 fibers [63]. However, the modulus is also affected by 
molecular orientation. While ideally the long-axis of the crystalline phase is aligned with 
the fiber axis, in practice some disorientation is present. This disorientation is thought to 
play a major role in the fibers’ stiffness and deformation, varying due to processing for 
different fiber types (Section 1.2.c). As shown by Dobb and Robson, even the high 
modulus Kevlar 149 fibers have some degree of disorientation in their domains [27]. 
It is important to mention possible crystalline defects that may affect the failure of 
the fibers. Jain and Vijayan explained anomalous reflections in X-ray diffraction patterns 
as being due to stacking faults, where instead of an ABAB… stacking, a fault such as 
ABAAB… exists [64]. Instead of considering lattice defects in PPTA as a one-
dimensional paracrystalline disorder along the C-axis, Krenzer and Ruland proposed that 
the disorder is due to local defects, such as chain ends that are incorporated into the 
lattice [65]. Finally, Grujicic et al. presented an overview of possible crystalline defects 
applicable to their computational model of the microstructure of PPTA [11]. They 
considered four types of defects: chain ends, inorganic-solvent impurities, chain 
misalignments, and sheet stacking faults. From their computational models, they found 
that chain ends could greatly decrease the longitudinal strength and ductility. Chain 
misalignment was found to greatly affect the transverse strength and ductility of sheets, 
sheet stacking faults were found to greatly decrease the cross-sheet properties, and 
impurities were found to decrease the sheet tensile properties. 
Finally, an important aspect of the crystalline structure of aramid fibers is the 
possibility of rotational disorder at the fiber center. This was observed in AFM studies on 
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microtomed Kevlar 49 specimens by Li et al. [66], as a 1.4 µm ‘core fiber’ was seen only 
on samples cut at 45˚. Using Monte Carlo simulations, Roth et al. examined the variation 
of disordered domains in µ-XRD mapped Kevlar 29, 49, and 149 fibers. They concluded 
that the model that best fits their data has a disordered core of 1.6 µm diameter near the 
center of the fiber (although some offset was found in Kevlar 149) [67]. Davies et al. also 
used the concept of a rotationally disordered core to explain the increasing lattice spacing 
observed in their XRD experiments on PBO fibers [68]. 
 
1.2.b Differentiation of Skin-Core Structure  
Many aramid fibers created by spinning have a clear distinction between the core 
of the fiber and the outer shell known as the ‘skin’. According to Chatzi, the skin forms 
due to the non-uniform rate of cooling of the extruded polymer dope inside the 
coagulation bath, with the exterior of the fiber cooling faster than the interior [18]. This 
results in less crystalline skin with a more random distribution of molecular chain ends 
than the more crystalline interior, possibly responsible for giving the skin a more 
continuous structural integrity in the fiber direction, as reported by Hodson et al. [69]. 
Further, Chatzi observed that the spinneret walls impose large shear stresses to the 
extruded dope, imparting to the skin a higher orientation of the molecular chains with 
respect to the fiber axis. Using an infrared photoacoustic technique, Chatzi et al. found 
that the amide groups and the aromatic rings of the molecular chains in Kevlar 49 were 
oriented along the fiber axis [54]. Furthermore, by hydrolysis of the fibers in sulfuric 
acid, Chatzi reported that the skin could be removed to reveal the core, which showed 
that the core chains are almost radially oriented. Through selected-area diffraction 
patterns, Young [70] also found that PPTA fibers (custom fibers as well as and Kevlar 49 
and 149) had a high degree of orientation in the skin and the core. While as-spun PPTA 
and Kevlar 49 had noticeably more orientation in the skin relative to the core, extensive 
heat tensioning of Kevlar 149 led to similar degrees of orientation in both the skin and 
core. Young found that if the skin is much more oriented than the core in PPTA fibers, 
the higher modulus skin will have much higher stress and, therefore, fail prematurely 
[70]. While it has been shown that the skin of high performance aramid fibers is largely 
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amorphous, Roth et al.’s study on rotational disorder in PPTA fibers found indication that 
the skin was not wholly amorphous [67]. 
The thickness of the skin varies in different classes of high performance fiber. 
Table 1.2 lists the skin thickness measured for various fibers. Notably, the skin thickness 
may vary along the fiber axis. In previous models the interface between the skin and core 
is relatively sharp and distinct [67, 35]. Furthermore, Itoh and Hashimoto found an 
explicit boundary with different resistance to aqueous sulfuric acid solution in Kevlar 29 
fibers, possibly marking a sharp transition region [38].  However, some studies indicate a 
less clear-cut transition between the skin and core. In their micro-SAXS/WAXS studies 
Davies et al. found that Kevlar 29 and 149 had a relatively gradual change of rotational 
disorder between the skin and core, and that both had similar sizes for skin [71].  
In comparison to the tensile properties of the fiber, the properties of the skin are 
less known. Based on transverse compression tests, Singletary [72] found indirect 
evidence that the skin of PPTA fibers was transversely stiffer than the core. In contrast, 
Graham [73], using an IFM to push into the surface of microtomed specimens in both the 
skin and core regions, found that the skin had a much lower compressive elastic modulus 
than the core region (13.4 ± 2.7 GPa vs. 60.8 ± 6.7 GPa, respectively). McAllister et al., 
while finding that Kevlar 49 had uniform properties transversely (i.e. not a noticeable 
skin), used AFM nanoindentation to find that the skin of Kevlar KM2 fibers was less stiff 
than the core [74]. 
Finally, even though the structure of the skin is thought to be relatively 
amorphous, many studies made the hypothesis of a fibrillar structure. McAllister et al. 
found that the diameters for possible surface fibrils are 10-50 nm for both Kevlar 49 and 
Kevlar KM2 [75]. Panar et al. also alleged that surface fibrils run along the surface in a 
highly oriented manner relative to the core fibrils [35].  
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Table 1.2 Skin thickness measurements reported in literature 
Reference Fiber Processing 
Skin Thickness 
(µm) 
Total Diameter 
(µm) 
Measurement 
Method 
Itoh and 
Hashimoto [38] 
Kev. 29 
Sulfuric Acid and 
annealing 
~2-2.5 13.1 
SEM on fibers with 
skin removed 
Dobb & 
Robson [76] 
Kev 29 
Twaron 
Kev 49 
Kev 981 
Kev 149 
 
.3 to 1.0 
.15 
.3 to 1.0 
2.0  to 1.0 
Negligible 
12.6 
12.5 
12.1 
9.5 
11.9 
X-ray diffraction 
Li et al. [77] Kevlar 49 
Embedded and 
microtomed 
.1 to 1.0  AFM 
Graham et al. 
[73] 
Kevlar 49 
Embedded and 
microtomed 
.5 to 1.0  AFM/IFM 
McAllister et 
al. [74] 
Kev KM2 
Kev 49 
Embedded and 
Microtomed 
.3-.35 
none 
12.4 ± .7 
12.7 ± .7 
Nano-indentation 
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1.2.c Fibril Deformation under Tension 
Several theories have been reported on the deformation modes of aramid fibers. 
Northolt regarded the fiber as a one-phase paracrystalline structure with rigid-rod 
crystallites 5-10 nm wide and 20-100 nm long, and modeled the structure as a series of 
these crystallites [78]. Chains of crystallites were arranged end to end, building up fibrils 
running along the fiber. These crystallites had some disorientation with respect to the 
fiber axis. At relatively low stresses, Northolt stated that the axial deformation of the 
fiber is largely due to the elastic extension of the crystallites, as well as elastic, retarded 
elastic, and plastic rotation of the crystallites’ long axis towards the fiber axis. Thus, the 
initial crystallite orientations play a crucial role in the ability for the fiber to extend. The 
reorientation of the crystallites along the stress axis can occur synchronously, as the 
hydrogen bonds between molecules are much weaker than the covalent bonds within the 
chains [79]. At higher stresses, the fiber extension is the result of elastic deformation and 
axial flow. The ductility of the fiber is determined by the initial orientation of the 
crystallites. The presence of structural irregularities that interfere with the alignment of 
the fibrils in the stress direction can lead to premature failure. Zwaag et al. [47] used the 
frequency shift in the resonance Raman spectra during mechanical stress to determine 
that the mechanisms of crystallite elongation and rotation due to shear contributed to the 
elastic extension of the fiber. Ericksen studied the creep behavior of Kevlar 29, Kevlar 
49, and PRD 49-III [80] and reported that the recorded stress-strain behavior was 
explained best through crystallite rotation.  
Given their different structure, it is likely that the skin and core regions of high 
performance fibers are subject to different deformation mechanisms. Using stress-optical-
microscopy studies of the skin deformation in single filaments of Kevlar 49, Hodson et al 
[69] reported that deformation proceeded with the formation of periodic shear bands in 
the skin, which were oriented at 45˚ with respect to the fiber axis, as well as the uniform 
deformation of 600-800 nm spaced transverse internal defect planes in the fiber core. 
They also observed that the shear bands caused the skin which peeled from the fiber 
during failure to coil into a helix. 
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It has been speculated that the strain energy can change the crystallinity of the 
domains within the fiber, as well as create new intermolecular bonding [81, 59]. Using a 
new method to analyze WAXD patterns, Ran et al. did not find any changes between 
amorphous, crystal, and mesomorphic phases during tensile deformation at small stretch 
ratios [59]. However, there was a slight decrease in the mesophase and an increase in the 
crystalline phase before a 3.0 % stretch ratio, which could imply that the mesophase was 
metastable and could be better packed into a 3D crystal structure when supplied with the 
energy needed by axial loading. The fraction of the mesophase increased above the 3.0 % 
stretch ratio when the amorphous phase decreased, which was explained by orientation of 
the chains in the amorphous phase and increased packing order. 
 
1.2.d Supramolecular Defects in Fiber Structure 
The origins and effects of defects in the fibrillar system of aramid fibers are not 
well understood. One of the first works on defect systems in aramid fibers was by Dobb 
et al., who focused on microvoids that could be imaged via a silver sulfide impregnation 
technique [82]. Kevlar 49 and 29 fibers that had been soaked in water showed a decrease 
in low-angle X-ray equatorial scatter relative to dry samples, which the authors attributed 
to water uptake that reduced electron density differences within the fibers, effectively 
filling possible voids. After staining with silver sulfide, a series of rod-shaped, stained 
areas appeared primarily along the periphery of the fiber. These were proposed to be 
microvoids which were permeable to both water and the particular stain. Using X-ray 
data, the voids in stained Kevlar 49 were calculated to be 5.6 ± .8 nm wide and 25.1 ± 8.0 
nm long, while in Kevlar 29 these voids were measured to be 6.1 ± 1.1 nm wide and 24.7 
± 7.8 nm long, comparable to many of the crystallite sizes discussed in Section 1.2.a. 
These inferred void sizes differ from the approximations obtained from X-ray data for 
untreated fibers, which were 7.6 nm wide for Kevlar 29 and 10.6 nm wide for Kevlar 49. 
It was acknowledged that the deposition of metal sulfide into the fibers may not reflect 
the real size and distribution of voids due to changes induced by the staining process 
and/or the mode of aggregation of the stain. It was also postulated that the only voids 
revealed were linked together through a capillary system to the surface, which may 
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explain why voids were dominant along the periphery of the fibers. In later studies on 
Kevlar 981, Dobb et al. [83] tested the effect of this stain on the tensile strength of the 
fibers and found that the elastic modulus, strength and ultimate strain generally did not 
change between untreated fibers and fibers treated with hydrogen sulfide or silver nitrate, 
showing that neither chemical degraded the fiber properties by itself. However, full 
impregnation of silver sulphide would decrease these properties. Dobb claimed that this 
decrease was due to silver sulfide filling microvoids, thus providing a path for transverse 
crack propagation and premature failure. Another possibility put forward was that the 
molecular chains adjacent to voids would be pinned by silver sulfide, preventing 
molecular rearrangement and, therefore, decreasing the fiber strength. Filling of these 
defects with silver sulfide was also noted to increase the resistance to compression. 
However, there is a disagreement on the extent of voids in aramid fibers. Based 
on synchrotron studies of small-angle X-ray (SAXS) patterns in Kevlar 49 and 149, 
Grubb et al. [84] stated that a detailed analysis of the Kevlar 49 SAXS equatorial streak 
shows that the ‘scattered voids” reported by prior studies result from crystals in the fiber 
and the microfibrillar structure. Ran et al. agreed with this conclusion, explaining that the 
scattering objects had a size distribution and disorientation which creates the streak 
profile seen in their 2-dimensional SAXS pattern [59]. 
Chemical impurities are also a class of defects within aramid fibers. Morgan and 
Pruneda [85] showed that Kevlar 49 fibers contained 1.5% impurities by weight, 50% of 
which was in the form of sodium sulfate that was situated between 60 nm diameter 
crystallite fibrils. There was also 350 ppm of metallic oxides and possible mobile sulfuric 
acid which would accelerate long term degradation of the fiber, seemingly contradicting 
the fact that Kevlar fibers have many years of shelf and field life [7].  
Residual and processing stresses in the fibers can possibly lead to distortion in the 
structure, at both the supramolecular and the molecular scale. In an effort to explain the 
distortion in the lattice of polybenzobisoxazole (PBO) fibers, Davies et al. [68] proposed 
that residual stresses increased towards the fiber core. These residual stresses could 
develop during the fiber fabrication. As the dope passes into the die, it is subject to strong 
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radial forces. While the air-gap allows for some structural relaxation, the coagulation bath 
quickly freezes the structure, creating a relaxation gradient and possible residual stresses 
inside the fiber. This effect was mentioned in an earlier study on PPTA by Rao et al., 
where the polymer chains in the frozen structure were distorted from their equilibrium 
conformations [56]. It is important to note that Rao et al. state that such distortions could 
be alleviated by elevated heat-tension treatments. Dobb and Robson noted that a 
microtomed Kevlar 149 fiber appeared to have cracks that may have formed due to 
excessive fiber stressing during the heat-tensioning phase of post-processing [27]. This 
may be the reason that the particular fiber variant had lower tensile strength than other 
lower modulus varieties. 
Finally, the influence of chain ends has been modeled and found to play a crucial 
role in the strength of high performance aramid fibers. Smith and Termonia pointed out 
that thermodynamic driving forces may favor “bundling” of chain ends, which may be 
more pronounced in conditions of relatively high mobility or for short chains, which 
corresponds well to the spinning conditions of PPTA fibers [14]. As the fraction of chains 
involved in these chain end groups increased, the tensile modulus remained relatively 
constant, but the tensile strength drastically decreased. In this computer model, Smith and 
Termonia demonstrated that chain end segregation can decrease the “effective molecular 
weight”, thus decreasing the amount of overlap between fibrils and, therefore, the stress 
they can bear. This result in in accordance with Panar’s and Morgan’s models described 
earlier [35, 19], where the defect planes were assumed to contain relatively large groups 
of chain ends. 
 
1.2.e Transverse Structure and Deformation in the Fiber Core 
The transverse structure of the core of aramid fibers plays an important role in 
their mechanical properties. Using dark-field images, Dobb et al. concluded that Kevlar 
49 consisted of a radially oriented system of crystalline units [26]. However, based on 
several electron diffraction results, the radial orientation was confirmed not to be perfect; 
the radial structure must be envisaged as an aggregation of similarly oriented crystallites 
 
24 
which are held together by hydrogen bonds. Supporting Dobb’s radial model, Hagege et 
al. [6], used ultrathin cross sections of Kevlar 29 previously treated with H2S-AgNO3 to 
show clear radial bands which could correspond to regularly stacked areas with different 
Ag2S permeability. Moreover, tangential bands emanating from radial bands were 
assumed to correspond to defects in the pleated-sheet structure. Using a quantitative 
orientational analysis with x-ray linear dichroism microscopy, Smith and Ade [86] 
compared the radial orientation of various grades of Kevlar. It was found that Kevlar 149 
was 1.6 times as radially oriented as Kevlar 49 and 2.3 times as radially oriented as 
Kevlar 29, although a wide range of orientations were measured by their method. Finally, 
Davies et al. confirmed a radial texture for the crystalline domains in both types of fiber, 
by using a micron-sized synchrotron beam on Kevlar 29 and 149 cross sections, [71]. 
By adapting a diagram from Yabuki et al. [87] and citing several other sources 
[70, 88], Singletary et al. [72] added much more detail to the radial sheet model presented 
in earlier studies for general PPTA fibers. The fiber was assumed to be a nearly 
transversely isotropic material at its center, with predominately random crystallite 
orientation. However, coagulation caused hydrogen bond planes to form in the radial 
direction, with radially increasing order. Thus, crystallites were nearly radially aligned 
close to the fiber surface. Furthermore, using transverse compression tests, Singletary et 
al. found that PPA fibers yielded homogeneously at apparent strains of 6-8%, but started 
to fibrillate at 30-40% strain. Given that the transverse stiffness of PPTA fibers was 
found to be much lower than that predicted in atomic models for PPTA crystals, they 
suggested that the transverse deformation of PPTA depends quite strongly on defects 
between fibrils. This hypothesis is further strengthened by lateral splitting tests by 
McGarry and Moalli [89], where PBO and Kevlar-49 fibers required nearly the same 
splitting force, despite the fact that Kevlar has more hydrogen bonds. It was suggested 
that interfibrillar attractions, rather than interchain attractions, dominated the transverse 
strength. According to Singletary et al., the large transverse deformation in most aramid 
fibers may be due to material failure in thin compliant bands between stiff crystalline 
regions. 
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Variations in transverse structural parameters, such as crystallinity, rotational 
disorder in the radial sheet model, and domain orientation are relatively difficult to 
characterize given the small diameter of the fibers. Using synchrotron radiation to 
perform µ-XRD experiments and Monte Carlo simulations to back-calculate rotational 
disorder from intensity profiles, Roth et al. attempted to find the variation of crystalline 
domain orientation across Kevlar 29, 49, and 149 fibers [67]. Kevlar 29 was determined 
to have a small band of correlated rotational disorder, sandwiched between two areas of 
linearly increasing rotational disorder (assumed to increase towards the center), with 40% 
volume fraction of randomly oriented material. Kevlar 49 had a similar structure, with a 
volume fraction of 20% of randomly oriented material and a much larger band of 
correlated material. Finally, Kevlar 149 had no randomly oriented material and consisted 
almost entirely of constant, correlated rotational disorder, with an off center core and 
skin. Using similar synchrotron experiments, Davies et al. examined the crystallinity and 
domain orientation across PBO fibers [68]. Similarly to Roth, a three-layer model was 
found, with a lower degree of crystalline domain orientation found in the skin and core 
than inside an intermediate zone. Furthermore, examination of the (200) crystal plane 
spacing found an increasing distortion towards the core, perhaps due to residual stresses 
(Section 1.2.d).  
In a later study, Davies et al., who worked directly with Kevlar 29 and 149 fibers, 
also found a three-layer model of a more disordered center core, with the skin region 
surrounding an intermediate zone of less disorder [71]. There was evidence of small 
differences in the degree of rotational order between Kevlar 29 and 149, although it was 
acknowledged that these could have been due to imaging difficulties. Finally, small-angle 
X-ray scattering (SAXS) patterns were used to qualitatively compare Kevlar 29 and 149: 
Kevlar 29 had a largely constant SAXS intensity, with a high scattering intensity at the 
skin, while Kevlar 149 had a large amount of scatter in a 3 µm diameter section of the 
central core. This was interpreted as an indication that Kevlar 29 largely consisted of 
structures with nanometer dimensions, which were randomly oriented with an irregular or 
cylindrical cross section, while the skin had scattering objects that were elongated and 
perpendicular to the fiber surface. The core of Kevlar 149 was similar to the core of 
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Kevlar 29, although the remaining fiber either did not have these nanoscale structures or 
they were too large to detect their scattering.  
 
1.2.f Fiber Fracture under Uniaxial Tension 
The failure modes of high performance aramid fibers under tension presented in 
literature are generally classified as: (a) pointed, (b) fractured, and (c) kink band [7]. 
Pointed breaks result in gradual tapering of the fiber diameter towards a break point and 
are observed at slow strain rates and relatively high stresses. These breaks were found by 
Langueranda et al. to be accompanied by significant necking due to localization in the 
crystalline phase of PPTA [90]. Fractured breaks are the most common type of failure of 
aramid fibers, resulting in fibrillated and split fracture surface. Yang [7] suggested a 
mechanism of slip and splitting of the fibrillar structure, followed by stepwise fibrillar 
failure. The fractured fibrils extended at the failure surface have a length of 40-70 
filament diameters [91]. Sawyer observed that fiber strength correlated with the amount 
of fibrillation and the length of fibril “pull-outs” [36]. Kink band breaks represent 
premature tensile breaks in previously damaged sections, especially in the presence of 
kink band defects caused by compression. These structural discontinuities lead to shorter 
fracture cross-sections.  
Hodson et al. [69] presented a schematic of the failure paths in Kevlar 49 
filaments in an attempt to predict which cracks would propagate and their general timing. 
Three failure paths were observed experimentally: (1) a transverse skin crack traveling 
through the core and into the other side of the skin, (2) a longitudinal and transverse 
crack in the skin leading to transverse and longitudinal cracks in the core, followed by 
transverse and longitudinal cracks in the skin, and (3) a transverse or longitudinal crack 
leading to transverse and longitudinal cracks in the core, followed by longitudinal and 
transverse cracks in the skin.  
According to the model by Morgan et al., typical fracture is initiated within the 
fiber skin, where molecular chain ends are more randomly distributed, forcing the crack 
to travel longitudinally along the fiber skin through weaker hydrogen and van der Waals 
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bonds [19]. Once the crack reaches the core, cracks can follow transverse paths through 
defect planes where chain ends are clustered, as well as longitudinally along weakly 
bonded planes. Chain scission can also occur at these defect planes and entire crystallites 
may be pulled out from fracture surfaces. However, the way the skin-core dimorphism 
affects the overall fracture process lacks a clear consensus. In experiments with 
laboratory synthesized PPTA fibers, Young et al. [70] found that fibers with high 
skin/core orientation differences had lower than expected strength, compared to 
expectations based on the overall orientation: the higher modulus of the highly oriented 
skin resulted in higher stress compared to the core and thus early failure of the skin. This 
agrees with the fracture model proposed by Morgan et al. [19]. In contrast, Li et al. [77] 
speculated that the skin layer observed in their AFM studies may hinder crack 
propagation at the ends of molecular crystallites in the core, thus increasing the fiber 
strength. However, no experimental evidence was offered to this effect. Based on tensile 
tests and TEM images of multiple of Kevlar variants, Dobb and Robson noted that large 
skin content may lead to a higher strength, as demonstrated by the high strength of Kevlar 
981 which had a skin content of ~65%. The authors attributed this to the higher chain 
orientation in the fiber skin [76]. 
Failure due to compression is very different than in tension, occurring at much 
lower stresses and in different modes [13, 92]. Compression often leads to permanent and 
visible kink bands, as observed by Dobb et al. [93] and Deteresa et al. [94] in bending 
and loop tests. Dobb et al. described the formation of these bands in detail during loop 
testing, where deformation was visualized through irregularly spaced bands on the 
compressed side of the fiber, that were oriented ~40-50˚ relative to the fiber axis. More 
frequent and severe banding occurred as bending increased, and cyclic compression 
increased the width and length of the bands. Dobb et al. suggested that the high rigidity of 
molecules and the molecular order of PPTA prevented the accommodation of 
compressive strain, and that the low lateral strength due to secondary bonds allowed for 
shearing of adjacent chains. Indeed, Leal et al. found that the heat treated M-5 fiber, 
engineered to have enhanced lateral interaction, had greater compressive strength and 
modulus than PPTA, PBO, and Armos [13]. Interestingly, Dobb and Deteresa both 
reported a relatively small (~10%) decrease in the tensile strength of previously 
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compressed fibers with large, permanent deformations (albeit, with different modes of 
deformation between the two studies). Both noted that previously deformed segments 
could become realigned through tension. Dobb also noted a definite change in the 
fracture profile of Kevlar 29 re-tested in tension after axial compression inside a 
composite beam, showing parallel rows of lamellae instead of the usual fibrillated 
fracture surface. In contrast, Deteresa found that Kevlar 49, even when previously 
compressed to 3% strain, gave exactly the same failure surface as the original Kevlar 49, 
and that there was no indication that fracture initiated at a kinked region. Deteresa stated 
that it is possible that kink bands form due to buckling of microfibrils or molecular chains 
themselves, possibly at a nucleation or defect point. Socci et al. further noted that crystal 
orientation is reduced under compression, but it is recoverable when compression was 
removed, although the kink bands were reintroduced at the same locations by subsequent 
compression [95]. Finally, McGarry and Moalli noted that increasing lateral interactions 
had at best modest success in raising the compressive fiber properties, thus showing that 
the failure mechanism has less to do with lateral interactions, and that fibril buckling is 
the mechanism for compressive failure [96]. This was justified by an increase in 
compressive strength when a stiff ceramic coating was applied to the surface of PBO, 
which was thought to prevent fibril buckling. 
  
1.3 Mechanical and Physical Properties of Aramid Fibers  
High performance aramid fibers have a number of notable properties, including 
mechanical and thermal, especially when compared to other polymers. This dissertation 
focuses on the tensile properties, and the ways the fiber structure affects those properties. 
The structure was discussed in Section 1.2, while important mechanical properties, 
environmental properties, and heat-treatment are addressed in the following Sections. 
1.3.a Axial Properties 
Table 1.3 provides a summary of the mechanical properties of various high 
performance aramid fibers from a range of studies, with a fairly wide range of values for 
elastic modulus and strength. Generally, the higher the modulus, the lower the failure 
 
29 
strain and strength, although this is a rather weak relationship. For example, KM2 and 
K49 have similar elastic moduli, but KM2 has higher strength and failure strain. It is 
important to note that during tensile testing the elastic modulus has been found to 
increase in many types of aramid fibers, due to pleat deformation and crystallite 
reorientation [32]. The Russian Rusar, Armos, and SVM fibers also exhibit the same 
behavior [97]. Allen and Roche found a complex increasing and decreasing behavior for 
the elastic moduli of Kevlar 29 and 49, while Kevlar 149 continuously increased its 
elastic modulus with strain (from 137 GPa to 190 GPa) [98].  
Testing parameters such as gauge length and strain rate can have a significant 
effect on the mechanical properties of some high performance aramid materials, which 
may have resulted in the variety of reported tensile properties. Several studies have tried 
to address these effects. Using a miniaturized tension Kolsky bar to apply high strain 
rates, Lim et al. found that the strength of Kevlar, Kevlar 129, and Twaron fibers 
increased only by 8%, 8%, and 6% respectively, even after an increase in the strain rate 
by 10
6
, showing that PPTA fibers are generally resistant to strain rate effects [99]. They 
also investigated gauge length effects in tensile tests with 2.5-250 mm lengths at the 
strain-rate of 0.001/s. The fiber strength did not significantly change over the tested 
lengths, indicating that either the strength-limiting defects are numerous and evenly 
distributed, or that the gauge lengths tested were still too large to identify the length scale 
associated with specimen size effects on strength. Cheng and Chen found that KM2 was 
also largely insensitive to the loading rate [100]. In an earlier study, Lim et al. [101] 
reported that the tensile strength and failure strain of A265 fibers (or AuTx [23]) with 
gauge lengths in the range of 2.5-100 mm, decreased while the elastic modulus increased 
with increasing gauge length. Notably, the ultimate strength dropped from 5.40±0.26 GPa 
to 4.02±0.15 GPa as the gauge length increased from 2.5 mm to 100 mm. The authors 
also reported an increase of tensile strength by 16.6% after an increase in strain rate by 
10
6
. 
Several models to predict the theoretical strength of PPTA fibers have been 
tested. Using a model based on a cubic array of PPTA molecules with 2 primary bonds 
and 4 hydrogen bonds, Termonia and Smith predicted a failure strain of 5.5% and a 
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strength ~10 GPa for PPTA with MW= 40,000 g/mol [15]. They also predicted that 
theoretical fracture occurs through breaking of primary bonds at around 6% local strain, 
causing stress concentrations to form. 
Table 1.3 Tensile properties of high performance fibers. 
Specimen Diameter Young’s 
Modulus (GPa) 
Fracture Stress 
(GPa) 
Fracture Strain 
(%) 
Kevlar 29 12.8 ± 0.7 
4
 
12.6 ± 0.5 
6
 
78 ± 1 
3
 
84.5 ± 5.0 
4
 
59 
5
 
77.1 ± 8.4 
6
 
2.58 ± 0.07 
3
 
2.7 ± 0.2 
4
 
2.6 
5
 
2.6 ± 0.5 
6
 
3.1 ± 0.1 
3
 
3.2 ± 0.3 
4
 
4.0 
5
 
2.9 ± 0.4 
6
 
Kevlar 49 12.1 ± 0.5 
6
 113 ± 2 
3
 
128 
5
 
123.0 ± 8.4 
6
 
2.40 ± 0.07 
3
 
2.6 
5
 
2.8 ± 0.4 
6
 
2.47 ± 0.1 
3
 
2.4 
5
 
2.2 ± 0.4 
6
 
Kevlar 119  61 ± 1 
3
 2.96 ± 0.09 
3
 4.1 ± 0.1 
3
 
Kevlar 149 11.9 ± 0.5 
6
 138 ± 2 
3
 
166.6 ± 11.0 
6
 
2.15 ± 0.06 
3
 
2.2 ± 0.3 
6
 
1.5 ± 0.1 
3
 
1.2 ± 0.2 
6
 
Kevlar 
KM2 
12 
7
 84.62 ± 4.18 
7
 
75 ± 10 
8
 
3.88 ± 0.40 
7
 
3.3 ± 0.3 
4.52 ± 0.37 
7
 
Kevlar 981 9.5 ± 0.6 
6
 120.2 ± 14.6 
6
 3.5 ± 0.6 
6
 2.8 ± 0.4 
6
 
Twaron 12.5 ± 0.5 
6
 78.8 ± 6.5 
6
 3.0 ± 0.4 
6
 3.3 ± 0.4 
6
 
Armos   ~3.9
9
 ~4.5
9
 
AuTx 9.28 ± 0.17 
10
 91.39 ± 4.96 
10
 
159.78 ± 3.21 
10
  
5.40 ± 0.26 
10
 
4.02 ± 0.15 
10
 
5.79 ± 0.28 
10
 
2.56 ± 0.15 
10
 
                                                 
3
 Rao et al. [61]. Measurements from yarns and single filaments. Yarn tests done according to ASTM D 
2256-90 with gauge length of 150 mm and cross-head speed of 10%/min, single filament tests done on a 
MTS® tester with 25 mm gauge length and cross-head speed of 10%/min. 
4
 Bencomo-Cisneros et al. [136]. Single fiber test using a Universal Fiber Tester, 30 mm gauge length, 
strain rate of 4.1 × 10
-3
 s
-1
. Diameter measured by Mitutoyo LSM-500S laser apparatus. 
5
 Dobb, Johnson, and Saville [92]. 1981. 
6
 Dobb and Robson [27]. 1990. Individual fibers mounted on card holders, tested on Instron 1122 tester 
operating at 10% min-1. 200 mm gauge length, diameter determined by SEM. 
7
 Cheng et al [100]. Diameter found with SEM, tensile tests follow method introduced in ASTM D3379-75, 
gauge length of 10 mm, for 25 tests. 95% confidence intervals given. 
8
 Leal, Deitzel and Gillespie [13]. Single fiber tension tests by a Rheometrics Solids Analyzer RSA II. 
Strain rate of .6 mm/min with gauge length of 25 mm. Fixture compliance determined with ASTM D 
3379-75. 
9
 Tsobkallo et al [82]. Determined with a strain relaxometer and Instron testing unit. 
10
 Lim et al. [99]. Top measurements for 2.5 mm gauge length, bottom measurements for 100 mm gauge 
length, 95% confidence interval. Performed according to ASTM C1577-03 and strain rate of 0.001 s
-1
. 
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1.3.b Transverse Properties 
The transverse properties of high performance aramid fibers are not as well 
characterized as their tensile properties, as studies often have to resort to simplified 
models and analyses instead of than direct measurements. Properties are almost always 
obtained by fiber crushing such as the study by Cheng et al. [102]. The authors found that 
for large deformations, Kevlar KM2 possessed nonlinear, pseudo-elastic transverse 
mechanical properties, while a plane strain analysis for a transversely isotropic material 
gave a theoretical transverse modulus of 1.34 ± 0.35 GPa for nominal strains up to 10%, 
a longitudinal Poisson’s ratio ν31 = 0.60 ± 0.08, and assumed Poisson’s ratio of ν12 = 0.24. 
Importantly, it was noted that: (a) the unloading path was different from the loading path 
even for subsequent cycles of increasing strain, (b) compressive properties were 
independent of the loading speed, and (c) transverse compression had little effect on 
longitudinal properties even after large, permanent deformation. Lim et al. found that 
AuTx had a transverse modulus of 1.83 GPa, a longitudinal shear modulus of 12.03 ± 
0.78 GPa, and ν31 = 0.402 [101]. Finally, by using a torsional pendulum, Deteresa et al 
calculated the torsional shear modulus as 1.8 GPa and an apparent shear strength of 180 
MPa for Kevlar 49 fibers. They also reported that torsion could greatly decrease the fiber 
tensile strength, perhaps due to longitudinal splitting taking place [94].  
 
1.3.c Environmental and Chemical Degradation  
Environmental and chemical degradation can reduce the properties of aramid 
fibers and reveal structural features and defects. Based on two product bulletins [103, 
104], Yang [7] remarked that most organic solvents and aqueous salt solutions have no 
effect on the strengths of Kevlar and Kevlar 49, although strong acids and bases at high 
concentration can damage the fibers. On the contrary, UV irradiation deteriorates the 
mechanical and structural properties of PPTA fibers [105, 106]. Zhang et al. found that 
this was most likely due to a slight increase in the paracrystalline distortion factor and a 
sizable decrease in the crystalline correlation length, indicating increased density of 
longitudinal defects or chain ends in the fiber and decreased crystalline perfection over 
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the longitudinal axis [106]. They showed that structural degradation is likely due to chain 
scission, attack on the skin, and end group oxidation, while crystalline zones remained 
largely unchanged. In contrast, Wang et al. found that the elastic modulus increased with 
the duration of UV irradiation [107] and the surface roughness greatly increased. 
The effect of water infiltration on the properties of PPTA fibers is quite diverse 
and dependent on impurities [85], temperature and pressure. Citing two earlier technical 
reports, Allred and Roylance [108] stated that moisture has little effect on the tensile 
properties of Kevlar, although their experiments reveal that the transverse tensile 
properties of Kevlar 49/Fiberite 934 composites were greatly reduced by moisture at 25 
˚C.  Based on a shift in fracture mode and a large transverse stiffness loss, they proposed 
that the Kevlar filaments become more transversely compliant in the presence of 
moisture, and concluded that moisture could disrupt hydrogen bonding, as well as reduce 
the skin-core bonding strength. However, water at temperatures above boiling has been 
shown to degrade the properties of Kevlar and other aramid fiber [109, 53]. Notably, 
copolyaramid fibers, such as Trevar and AuTx, show improved hydrolytic stability [53]. 
Obaid et al. tested Kevlar KM2, Twaron, and Armos under long-term environmental 
conditions, and reported degradation in tensile properties only for water temperatures ≥80 
˚C [58]. Remarkably, the Armos fibers showed a much greater retention of strength and 
strain to failure than KM2 or Twaron. 
Experiments on water infiltration can reveal information about the inner structure 
and differences between aramid fibers. Analyzing results from SAXS and gravimetry 
experiments in the context of a simplified two phase model, Saijo et al. [110] suggested 
that the water absorbed into regular Kevlar fiber is not homogenously distributed, but 
instead fills the inter-fibrillar microvoids to build up larger ‘macro-water clusters’ several 
nm in dimension. Building upon this work by analyzing WAXD results that indicated 
changes in orientation and microparacrystallite sizes, Fukuda and Kawai [88] suggested 
that water penetrates the interstitial non-crystalline regions between crystallites, and 
interferes with molecular packing around the outermost molecular chains. Supporting 
these results, Connor and Chadwick found that nuclear magnetic resonance imaging 
spectra showed little change in the chemical structure of Twaron or Kevlar due to 
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hydration and that the absorbed water was weakly bound [55]. Similarly, Springer et al. 
[53] noted that while hydrolysis does not greatly cause a change in the overall crystalline 
structure, PPTA fibers may have been degraded by the destruction of taut tie molecules 
between lamellae. Focusing on lateral crystallite dimensions using a variety of imaging 
methods, Jackson et al. found evidence that the microfibrils within rigid-rod polymers, 
such as PPTA, consist of smaller crystallites formed from imperfections during 
processing, which allow for molecular infiltration within the fiber [111]. Building upon 
these concepts, Obaid et al., combining literature and experiments, showed that for 
aramid homopolymers, such as Kevlar and Twaron, temperatures above 75 ˚C allowed 
for the diffusion of small molecules into defect regions in interior crystal structures that 
disrupt crystal perfection, while lower temperatures restricted these molecules to more 
amorphous regions [58]. Similarly to Springer, Obaid believed that in these amorphous 
areas, highly-stressed tie molecules could be degraded causing microcracking.  
For copolymers such as Armos, a decrease in amide groups reduces the overall 
uptake of moisture as shown by Perepelikin [112]. Furthermore, the relatively flexible 
molecular chains and the lack of long-range 3-D order prevent microcrack growth, 
making the adsorption and desorption of water less harmful to fiber properties. Springer 
et al. also found that copolyamides (Trevar) were more stable than PPTA under 
hydrolytic, stating that tie fibrils in PPTA are broken and then crystallized on the lateral 
crystalline surfaces [53]. Based on the characteristics of swelling and variation in tensile 
properties, Iovela et al. suggested that Armos has crystalline structure containing sections 
of amorphous or liquid-crystalline nature, although defects may also play a role in fiber 
swelling [113, 114]. 
 
1.3.d Effect of Thermal Annealing on Fiber Properties and Structure 
The effects of thermal annealing on different high performance aramid fibers are 
generally well characterized, and have been used to improve the properties of commercial 
fibers. First, crystallinity is greatly affected by post thermal treatments. Rao et al. [62] 
used five different post-treatment methods to test Kevlar 29, 49, and 149 fiber yarns 
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(Kevlar 29 was studied in the most depth), including free length annealing, tensioned 
annealing, and variations to pressure annealing. In addition to mechanical testing, WAXD 
was used to relate the crystalline structure parameters to the annealing results. It was 
found that annealing, while keeping the fiber ends fixed, gradually decreased the elastic 
modulus until a much faster drop occurred at 350 ˚C, with a corresponding drop in 
strength. This was explained in terms of increasing transverse crystalline size with 
annealing temperature and large crystal disorientation after 400
 ˚C. Tensioned annealing 
was shown to increase the elastic modulus linearly with applied tension in the 180-220
 ˚C 
range with no effect on strength. The authors argued that the tension overcomes the 
tendency of crystals to become disorientated as they become more ordered during 
heating. Thus, the increase in order, as well as reorientation can synergistically improve 
the elastic modulus, but leave the tensile strength unaffected. Heat tensioning at 370 ˚C 
achieved the highest modulus, but thermal degradation decreased the strength. Pressure 
annealing was less effective than annealing under tension, likely owed to smaller 
reorientation changes due to the transverse pressure force than the longitudinal tension. It 
was found that the crystal structure remained unchanged under steam annealing. Barton 
found that heat-tensioned annealing of PPTA fibers lead to a decrease of the 
paracrystalline distortion factor (from 2.33% to 1.69%) and an increase in the initial 
modulus (from 75 GPa to 125 GPa), with no change in the longitudinal crystal size (900 
Å) [46]. 
Heat treatment results can be used to provide evidence for the existence of 
amorphous regions in high performance aramid fibers. Chang-Sheng Li et al. [115], 
varied the temperature (60-90 ˚C) and aging time of Kevlar 129 fibers undergoing 
hydrothermal aging, to show that the tensile strength decreased over the period of weeks, 
especially at 80-90 ˚C, following a logarithmic relationship between strength and time. 
According to WAXD data, the crystalline structure did not change appreciably, even at 
90 ˚C aging for 12 weeks. Furthermore, there were clear differences between transverse 
sections: the aged specimens included cracks and visible microfibrils. Based on 
attenuated total reflectance Fourier Transform Infrared spectroscopy results (ATR-FTIR), 
it was found that hydrolysis of the amide likely occurs in the amorphous sections of the 
fiber or between microfibrils rather than at the skin surface. However, Chatzi et al. used 
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Fourier transform infrared photoacoustic spectroscopy on Kevlar 49 fibers, to determine 
that annealing Kevlar 49 for 2 hr at 150 ˚C made ~43% of the originally accessible N-H 
groups inaccessible, probably due to improved molecular packing and/or decrease of the 
amorphous material in the fiber [116]. After drying Armos fibers, Tsobkallo et al. found 
that hydrogen bonds were freed, allowing for slip until new intermolecular bonds formed 
at higher strain [81]. 
Kevlar 49 fibers have been studied by Hindeleh and Abdo in a wide range of 
annealing temperatures [117]. It was found that the crystallinity of Kevlar 49 would not 
change until 350 ˚C; it increased to a maximum of 81% at 400 ˚C before greatly falling. 
A similar route was followed for Kevlar 29, although its crystallinity started slowly 
increasing at ~100
 ˚
C to a maximum of ~76% at 300 ˚C. Hindeleh and Obaid found 
similar results for Twaron, where crystallinity and the microparacrystallite
11
 (mPC) size 
increased between 200 ˚C and 425 ˚C with small amount (<4.5%) of mass loss [52]. After 
this point, the crystallinity and the microparacrystallite size decreased while the rate of 
mass loss increased. They alluded that the mPC size increases in PPTA fibers due to 
thermal motion, van der Waals attraction, and increased hydrogen bonding. Finally, 
Sawyer and Jaffe [36] found that annealing of PPTA fibrils made the outer skin more 
coherent, and changed the internal texture from fibrous to sheet-like.  
 
 
 
 
 
                                                 
11
 Small crystals that have an ordered lattice, but lack long range order in at least one direction. 
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1.4 Objectives of this Dissertation Research 
This dissertation aimed at investigating the hierarchical structure, defects, and the 
surface morphology of Kevlar, Twaron, and AuTx fibers using direct imaging methods, 
such as transmission electron microscopy (TEM), scanning electron microscopy (SEM), 
and atomic force microscopy (AFM). Mechanical strength measurements were also 
performed with Kevlar and AuTx fibers to investigate fiber size effects, especially for 
small fiber lengths. These specific procedures undertaken towards the research goals 
were: 
 Surface images of undamaged fibers were acquired by an AFM, while other fibers 
were conformal coated with metals for surface imaging and diameter measurements 
via an SEM. 
 SEM images were taken of fibers damaged by abrasion or transverse crushing.  
 Uniaxial tension tests were performed to find possible length scale effects within the 
fibers at very small gauge lengths. These fracture surfaces were then investigated by 
SEM after the application of conformal metal coatings.  
 Relatively low-damage thin sections of fibers, both longitudinally and transversely, 
were obtained via microtome cutting, for use in the TEM and AFM. Different stains 
were applied to improve TEM imaging. 
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CHAPTER 2  
 
 
 
2. FIBER GAUGE LENGTH EFFECTS ON 
MECHANICAL STRENGTH 
High performance aramid fibers are well known for their high strength and 
stiffness. Previous reports have discussed the effect of several of the parameters, such as 
strain rate [101, 100, 99], heat treatment [62] and humidity [118, 58] on the fiber 
strength. The role of gauge length on the measured strength values has also been 
investigated, in connection with the existence of statistically distributed defects which 
limit the tensile strength. Cheng et al. found that the effect of gauge length on strength in 
KM2 was negligible [100], while a 16.6% increase in strength with decreasing gauge 
length has been reported for AuTx [101] for fiber gauge lengths as short as 2 mm. The 
ability to test fibers shorter than 2 mm would elucidate the existence on fiber length size 
effects on tensile strength, since a steep increase in strength has been reported before for 
fibers with gauge lengths of ~2 mm. Therefore, this Chapter focuses on mechanical 
experiments performed on KM2 and AuTx fibers using gauge lengths that ranged from 
100 µm to 10 mm.  
 
2.1 Materials and Experimental Methods  
Two types of aramid fibers, Kevlar KM2 and AuTx, were subjected to quasi-static 
tension to assess the role of gauge length in the measured fiber strength. The specimens 
were stored in low humidity environment (<30% Relative Humidity (RH)) and were 
protected from indoor light. KM2 fibers were kept in the form of bundles with separable 
individual fibers, while AuTx fibers were lightly bonded together due to sizing. AuTX 
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fibers were slightly twisted in their as-received state. The RH during mechanical testing 
was around 20-30%.  
Fiber degradation during storage was a concern in this study. According to 
moisture absorption and desorption experiments by Keinath and Morgan [119], this level 
of humidity would make the water in Kevlar 49 range between 3.18-2.44% thermally 
accessible
12
 by weight and in Kevlar 149 range between 0.81-0.67% thermally accessible 
water by weight. Given that Tanaka et al. found only a 5% loss in strength for Kevlar 49 
fibers conditioned in 98% relative humidity for 240 hr (and negligible strength loss for 24 
hr of the same treatment) [118], it is unlikely the small humidity variations during the 
testing procedure contributed to any appreciable variation in strength. Obaid et al. found 
similar results for KM2, Twaron, and Armos [58]. Mil’kova et al. [120] also found that 
storage of copolyamide fibers in moisture did not decrease the ultimate strain or Young’s 
modulus for 3.5 months. Damage of Kevlar 49 fibers due to UV radiation was 
characterized by Dobb et al. under near-sun light conditions [105]. It was found that the 
strength decreased even after one day of exposure. However, many of the light bulbs used 
in a laboratory setting have UV irradiance that is 100 times less than sunlight [121]. 
Thus, it is unlikely that the UV exposure of the fibers during testing in indoor lighting 
conditions had a negative effect on the fiber strength. 
Individual fibers were tested with the uniaxial tension apparatus shown in Figure 
2.1, which consisted of a sturdy platform, a micrometer assembly for sample rotation and 
translation capabilities, an attached load cell of 50 gr maximum force capacity, and a 
piezoelectric actuator (picomotor) with 23 nm step size. Two grip assemblies were each 
attached to the load cell and the picomotor stage, which used fine glass slides as the fiber 
attachment points. The test apparatus was operated under an optical microscope with a 
mounted CCD camera allowing for image recording. Operation of the test apparatus was 
done at 5× to 100× optical magnification, depending on the fiber gauge length. For 
                                                 
12
 Thermally accessible is the moisture successfully removed from fiber when the temperature was raised to 
250 ˚C. 
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specimen preparation, a bundle of fibers was cut from a spool to the maximum grip 
spacing. Individual fibers were isolated carefully from the bundle by tweezers and were 
placed onto the small drops of epoxy on the glass grips. The fiber specimens were 
inspected for major visible defects and were aligned with the direction of motion of the 
actuator using translation micrometers on the load cell side. The remaining fiber length 
on each glass slide was covered with epoxy to provide firm gripping. Aramid fibers have 
been found to have generally poor adhesive properties [122], although they are generally 
found to have good wettability [123]. These poor adhesive properties make finding 
accurate strain values difficult, as at smaller gauge lengths the compliance of the epoxy 
grips accounts for a large portion of the strain [124]. The fiber gauge length was 
controlled by locating the grip on the side of the actuator.  
Based on preliminary tests, it was found to be unlikely that the force in a fiber 
would pass 500 mN. Hsieh et al. found that the interfacial shear strength for untreated 
Kevlar 49 in epoxy was 3.93 mg/µm
2
 [125]. Thus, based on rough approximation through 
the use of: 
      
 
            
 (2.1) 
where P is peak force in fiber,      is interfacial shear strength given by Hsieh et al., 
        is the radius, and    is the embedded length of the fiber in epoxy, we find that the 
embedded length should be greater than or equal to around 403 µm for the fiber to remain 
fixed to the epoxy. Every test performed had an embedded length much more than this 
amount, generally around 5 mm.  
The fiber diameter was determined from SEM images using the built-in 
instrument calibration. The diameters of AuTx and KM2 were measured by two different 
methods. In the first method, images were taken at regular intervals along the length of 
the fiber, and the fiber was measured 4-5 times along each 10-20 µm fiber segment. This 
was done via the SEM software which is regularly calibrated with accuracy better than 
5% and in general ~3%. These measurements, which involved placement of the correct 
endpoints by eye, were averaged to obtain a single value for each section. In the second 
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method, random measurements were taken from many fibers belonging to different 
bundles. The diameter of KM2 fibers was found to be larger than that of AuTx, with 
wider statistical variation. The average diameter derived from random sampling of KM2 
fibers was 10.25 ± 0.6 µm with a minimum value of 9.46 µm and a maximum of 11.1 
µm. On the other hand the average diameter of AuTx fibers was 9.78 ± 0.4 µm with a 
minimum value of 9.20 µm and a maximum of 10.50 µm. However, the diameter 
variation along individual AuTx fibers was fairly small compared to KM2 fibers that 
demonstrated a large fiber variation along the same fiber. This variation impacted the 
uncertainty in determining the fiber strength which could vary significantly considering 
the spread between minimum and maximum values. Specifically, the ratio of the 
computed stress using the minimum diameter of the maximum diameter for KM2 was 
1.38, compared to a value of 1.30 for AuTX. Thus, for a given applied force, the stress in 
a fiber could be quite different along its length, which can contribute to the reported 
variability in strength values.  
 
 
Figure 2.1 Apparatus employed in uniaxial tension tests with aramid fibers. 
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Table 2.1 Average diameters of KM2 and AuTx fiber including one standard deviation. 
Kevlar 
KM2 Fiber 
Average Diameter +/- 
Standard Deviation (µm) 
AuTx 
Fiber 
Average Diameter +/- 
Standard Deviation (µm) 
1 9.99 ± 0.26 1 9.71 ± 0.03 
2 10.06 ± 0.23 2 9.40 ± 0.07 
3 10.55 ± 0.32 Random 9.78 ± 0.37 
4 10.06 ± 0.23   
5 10.04 ± 0.25   
Random 10.25 ± 0.58   
 
 
2.2 Results and Discussion 
From the force measurements and the average diameter measurements, the 
strengths of individual KM2 and AuTx fibers were computed for different gauge lengths. 
In these calculations, the average fiber diameter reported in the previous section was used 
(as determined by the random sampling approach), namely 10.25 µm for KM2 and 9.78 
µm for AuTx. The gauge lengths recorded here are based on the initial distance between 
the two endpoints of the fiber where glue was visible. 
Figure 2.2 shows the tensile strength of KM2 fibers vs. gauge length 
measurements with blue dots and the averages for each tight range of gauge lengths by 
red dots. A decrease in average strength from 2 mm to 10 mm can be established, while 
from 100 µm to 2 mm average strength remained relatively constant. The average 
strength was 4.4 ± .4 GPa with the largest recorded strength value equal to 5.20 GPa and 
the lowest strength value of 3.5 GPa. According to the average strength value in each 
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gauge length regime, the strength of KM2 decreased by 20% when the gauge length 
increased from 100 µm to 10 mm. 
 
Figure 2.2 Engineering stress vs. gauge length for KM2 fibers. The average values per 
group of gauge lengths are marked in red.  
 
Figure 2.3 shows the results of tensile tests with AuTx fibers, which demonstrated 
a monotonic behavior until final failure. AuTx fibers were generally stronger than KM2 
fibers, with several tests resulting in strength values of ~7 GPa. This resulted in 
undesirable failure inside the epoxy adhesive which often led to a sudden decrease in 
fiber stress during ramp loading. Figure 2.4 shows two examples of fiber loading which 
resulted in comparable tensile strength, but in Figure 2.4 (a) a sudden drop in stress 
occurred during loading, likely due to fiber slippage as a result of a slight fiber 
misalignment. Such slippage would enable the fiber to cut through the epoxy, and cause a 
slip-stick behavior. Figure 2.3 shows the experimental results from fibers that did not 
suffer from slippage at the grips, while Figure 2.5 shows every successful test performed, 
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including those with slip. Generally, there was very little difference in the strength values 
in either figure. Thus, it is likely that sudden fiber slip did not affect the ultimate strength 
obtained. However, this slip could affect the gauge length. After a fiber slips, a small 
amount of the length that was inside the epoxy moves into the gauge section. 
 
 
Figure 2.3 Engineering stress vs. gauge length for AuTx fibers that did not experience 
slip at the grips during tensile testing. 
 
As shown in Figure 2.5, the AuTx fibers had a larger strength on average than 
KM2 fibers by almost 1 GPa. It is also notable that the variation in strength is larger at 
gauge lengths near or below 2 mm. A ~19% reduction in average strength between 100 
µm and 10 mm gauge lengths is evidenced in Figure 2.5, which is similar to the strength 
reduction established for KM2. The strength measurements recorded here are similar to 
those recorded by Lim et al. [101], with nearly exactly the same average values near 
2mm and 5 mm, although a larger average strength value was found at 10mm. Instead of 
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continuing the spike in strength values seen by Lim et al., the strengths measured here did 
not increase much once past 2 mm. 
 
(a) 
 
(b) 
Figure 2.4. (a) Stress vs. displacement curve of an AuTx fiber with gauge length of 82 
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μm, which demonstrated slip at the grips. (b) Stress vs. displacement curve of an AuTx 
fiber with gauge length of 286 μm, demonstrating no slip. 
 
 
Figure 2.5 Engineering stress vs. gauge length from AuTx fibers. All tests, including 
those of partial slip are presented. Note that the distribution of strength values does not 
change significantly when the tests with partial slip are omitted.  
 
 
2.2.a Young’s Modulus of KM2 Fibers 
A procedure to calculate the elastic modulus of Kevlar fibers by using images 
obtained during the fiber strength was employed. This method accounted for the 
unknown system compliance while computing the fiber modulus, as demonstrated by 
Turek [126]. As shown in [126], the apparent compliance    is given by the slope of the 
initial straight line section of the load-deflection curve: 
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          (2.2) 
While direct measurements of the fiber extension were not possible, optical 
images taken during fiber loading were used to estimate the crosshead displacement. The 
uncorrected tensile modulus is given by: 
              
 
   
 (2.3) 
where L is the fiber gauge length and A is the area of the fiber cross section for an 
assumed diameter of 10.25 µm. In order to calculate the true modulus of the fiber, the 
system compliance    is subtracted from the apparent compliance:  
            
 
        
 (2.4) 
The system compliance includes the test machine compliance and the specimen gripping 
system. It is equal to the zero gauge length intercept in the compliance vs. fiber gauge 
length graph [127]. 
 The time stamp of optical images was synchronized with the load cell readings by 
using a uniquely identifiable event in the experimental data, namely the fiber failure. 
Although the time intervals between acquired images and load cell data were not exact 
multiples of each other, the closest values were paired together, with time stamp 
differences being almost always equal to or less than 50 ms. 
 Experimental data were selected in the stress range of 500 MPa to 1000 MPa, 
each time using 5-7 sample images. Changes in fiber length were computed in terms of 
pixels which, in turn, were converted into length with a conversion actor of 0.357 µm per 
pixel at 20× magnification to estimate the instantaneous crosshead displacement. The 
slope of the graph of the crosshead displacement versus the applied force provided the 
apparent compliance. This procedure was applied to 5 test results from fibers with 
different gauge lengths, thus allowing for linear regression of the apparent compliance 
versus the fiber gauge length. The y-intercept provided the system compliance. An 
example graph is shown in Figure 2.6. 
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Figure 2.6 Apparent compliance vs. gauge length for Kevlar KM2 fibers. The test 
apparatus stiffness is given by the y-intercept of the linear regression. 
 
Table 2.2 presents the corrected and uncorrected modulus values for 5 tests, 
which provided an average value of 85.6 ± 3.7 GPa for the KM2 fiber Young’s modulus. 
The apparatus compliance corrected modulus values did not differ significantly from the 
uncorrected ones because the larger gauge lengths diminished the relative contribution of 
the test apparatus to the overall compliance. Note that the calculated Young’s modulus 
values agreed well with the literature values listed in Table 1.3 and were independent of 
the fiber gauge length. 
 
 
 
y = 0.00014x + 0.00002 
R² = 0.995 
0.0E+00
2.0E-04
4.0E-04
6.0E-04
8.0E-04
1.0E-03
1.2E-03
1.4E-03
1.6E-03
0 2 4 6 8 10 12
A
p
p
a
re
n
t 
C
o
m
p
li
a
n
c
e
 (
m
/N
) 
Gauge Length (mm) 
 
48 
 
Table 2.2 Parameters and computed quantities for the determination of the Young’s 
modulus of KM2 fibers. 
Test 
Number 
L 
(mm) 
   
(µm/mN) 
   
(µm/mN) 
             
(GPa) 
           
(GPa) 
16 2.20 0.34 0.0177 77.30 81.47 
28 4.86 0.72 0.0177 81.85 83.91 
29 9.61 1.41 0.0177 82.57 83.61 
31 4.94 0.67 0.0177 89.55 91.97 
34 10.37 1.46 0.0177 86.14 87.19 
 
 
Both aramid fibers demonstrated visible banding (pleating) in their cross-sections, 
which would disappear as the stress increased. Although polarized light was not used, it 
is likely that this visible pleating corresponds to the pleating reported by several studies 
presented in Chapter 1. During testing, KM2 would be relatively featureless, with no 
visible skin cracking or deformations. The skin of AuTx, on the other hand, would 
occasionally fibrillate with the load still being carried by the fiber. KM2 did not exhibit 
such behavior. 
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2.3 Conclusions 
In this chapter the tensile strengths of KM2 and AuTx fibers were measured for 
different fiber gauge lengths. The diameters of several fibers were measured along their 
length to establish an accurate average value. It was found that KM2 fibers had a 
diameter of 10.25 ± 0.6 µm and AuTx 9.8 ± 0.4 µm. The average strength of KM2 fibers 
was 4.4 ± 0.4 GPa, with a high value of 5.20 GPa and a low value of 3.5 GPa. When the 
fiber strengths were grouped according to gauge length, the strength of KM2 fibers was 
found to decrease by 20% when the gauge length increased from 100 µm to 10 mm. The 
average strength of AuTx fibers was 5.55 ± .7 GPa, with a high value of 6.83 GPa and a 
low of 4.38 GPa.  A ~19% reduction in average strength was found between 100 µm and 
10 mm gauge length. This relative insensitivity to gauge length suggests that fiber failure 
initiates due to processes taking place at orders of magnitude smaller length scales. The 
tensile modulus for KM2 was found to be 85.6 ± 3.7 GPa after accounting for the system 
compliance. Optically, both fibers demonstrated pleating that disappeared upon tension, 
while there was indication that AuTx was more resilient to prefibrillation than KM2, 
maintaining load bearing capacity even when part of the fiber failed.  
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CHAPTER 3  
 
 
 
3. SEM STUDIES OF FIBER STRUCTURE 
Several types of high performance aramid fibers were imaged by a Hitachi 4800 
scanning electron microscope (SEM).  All fibers were sputter coated with gold-palladium 
for 10-20 s, creating a conformal coating of 2.5-5 nm. The usual coating time was 15 s, 
leading to an estimated conformal coating of 3.75 nm. Most fibers had two ends mounted 
to a glass slide inside epoxy that was allowed to cure for at least 24 hr, while most 
fracture surfaces were taken from the testing grips and placed directly onto aluminum 
blocks for imaging. 
 
3.1 Fiber Preparation and Macroscale Deformation Methods 
Efforts were made to split KM2 and AuTx fibers by several macroscopic 
methods, including crushing, bending, and abrasion. The damage to KM2 caused by these 
efforts generally remained confined to the surface of the fiber, causing the skin to form 
thin ribbons. However, several fibers were split under such complex bending and 
abrasion loading. The fracture areas contained fibrils of different sizes, such as those 
shown in Figure 3.1, with fibrils of 100 nm – 1 µm diameter. Quite often the larger fibrils 
had ribbon-like cross-sections that consisted of attached smaller fibrils. Small fibrils and 
microfibrils are also seen bridging larger fibrils, such as those circled in Figure 3.1. 
Several images were obtained by crushing KM2 fibers between two silicon 
wafers, which could cause fiber splitting when a fiber was caught in cracks formed in the 
silicon. Figure 3.2(a) shows a crushed and split KM2 fiber. This fiber was crushed to a 
thickness of 1-2 µm, and a crack caused the fiber to split. Microfibrils ranging between 5-
 
51 
15 nm in diameter were abundant in crushed and split sections as shown in Figure 3.2(b). 
However, the geometry of the cross-section was difficult to determine, although a near-
circular cross-section was inferred based on the high resolution SEM image in Figure 3.3. 
This particular fiber was split in half by using wire probes. 
                   
 
Figure 3.1 Split KM2 fiber. The circle marks fibrils and attached microfibrils. 
 
  
(a) (b) 
Figure 3.2 (a) KM2 fiber split via transverse crushing. (b) Detail of microfibrils with 
diameters as small as 5 nm. 
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Figure 3.3 Microfibrils in a split KM2 fiber, with relatively circular and uniform cross-
section. Image was provided by Mr. Korhan Sahin. 
 
In contrast to the Kevlar and Twaron fiber bundles, AuTx was provided in the 
form of tightly woven fiber bundles with signs of a sizing which made the bundles quite 
cohesive. Thus, AuTx fibers could often be deformed and split simply by being sheared 
during removal from the bundle. Unlike the damage caused to KM2 fibers, which was 
largely confined to the skin, damage to AuTx fibers could extend much deeper into the 
fiber, resulting in ribbon-like fibrils resembling radial sheets. 
Banduryan et al. also noticed that fibrils are joined into flat ribbons, stating that 
variation of stress on the microfibrils along a flat ribbon could cause spiraling [128]. This 
ribbon-like behavior is seen in the fractured fiber in Figure 3.4(a). Large sheets with 
notable kink band damage, likely caused by the complex loading, are present inside the 
fracture surface. Furthermore, single fibrils can also be seen (yellow circle), which indeed 
took on the appearance of flat ribbons that would sometimes spiral. Microfibrils 
resembling the long “tie fibrils” seen in fractured KM2 specimens were usually not seen 
in AuTx, although short versions could be seen attached to fibrils closer to the surface of 
the fracture. 
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(a) 
  
(b) (c) 
Figure 3.4 (a) A split section of AuTx fiber. Single fibrils, similar to those in KM2 
fibers, and sheets of fibrils are circled in yellow. The fiber was deformed and fractured by 
pulling out from a bundle. (b,c) Failed AuTx fiber showing splitting within the fiber. 
Clean spilt of an AuTx fiber showing very few bridging microfibrils. 
 
A much more ordered structure was present at the core of AuTx fibers, where the 
microfibrils were well-ordered and oriented inside the inner core with a particularly clean 
break, as shown in Figure 3.5. AFM results in Section 4.2.b also reveal the presence of 
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highly oriented fibrils at the core, which, in a resemblance of the fibrillar structure of 
PPTA, could be “chains” of crystallites lined up into distinct domains. Working with 
mesophasic theory, these could also nematic or smectic organizations of rigid molecules. 
Unfortunately, further magnification to determine whether these microfibrils consist of 
smaller units resulted in burning of the imaging area. However, it is likely the conformal 
SEM coating would block such information if enough material was deposited to get more 
magnification without damage. 
 
 
Figure 3.5 Highly ordered and oriented microfibrils inside a split AuTx fiber. The fiber 
was deformed and fractured by pulling-out from a bundle. 
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3.2 Studies of Fiber Failure Sections 
SEM pictures were obtained for many of the failure sections of the fibers tested in 
Chapter 2. Several unique formations were seen which revealed more about the inner 
structure of aramid fibers as well as possibilities that could have led to tensile failure. 
However, care must be taken in interpreting the images. During fracture, large elastic 
strain energy per unit fiber length was released and could have caused damage to the 
fiber. For instance, the compressive stress waves formed in the fibers after testing 
produced frequent kink bands along the fibers.  
 
3.2.a Failure Sections of KM2 and AuTx Fibers 
Failure in both types of fibers was comprised of pointed fracture or pronounced 
fibrillation, as shown in Figure 3.6 and Figure 3.7. The fracture of either type of fiber did 
not contain repeated features in either the SEM images or the stress data which would 
point to a correlation with a particular microstructure. 
 
  
(a) (b) 
Figure 3.6 Examples (a) of pointed and (b) fibrillated fracture of KM2 fibers that failed 
under tension. 
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(a) (b) 
Figure 3.7 (a) Examples (a) of pointed and (b) fibrillated fracture of AuTx fibers that 
failed under tension. 
 
For the vast majority of tests, it was not possible to identify the location of failure 
initiation due to extended fibrillation. However, it appears that failure usually initiated 
near the fiber grips, or at the very least fibrillation was extended up to the grips. 
However, even at gauge lengths much longer than 80-140 fiber diameters fracture was 
generally observed near the grips. It is, therefore, possible that the epoxy grip has 
affected the recorded results. However, the transverse modulus of both the fibers and the 
epoxy are relatively similar, and as mentioned before, a large embedded length was used. 
Finally, the grips were always aligned to within hundreds of nanometers, thus rendering 
the possibility for fiber misalignment unlikely. 
Several fiber failure sections contained microfibrils such as those seen due to fiber 
crushing, which, in literature, are often considered to be crystallites grouped together into 
a fibrillar structure. Intact microfibrils were visible in several KM2 fracture sections, as 
shown in Figure 3.8, which were generally oriented along the fiber axis, and in some 
occasions, such as in Figure 3.9, signs of chain ends were evident. 
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Figure 3.8 Microfibrils inside a KM2 fiber that failed under tension. 
 
 
Figure 3.9 End of a segment of a tensile tested KM2 fiber which may point to aggregated 
chain ends constituting a weak plane in a KM2 fiber. 
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Figure 3.10 shows both fibrils and microfibrils in a tested KM2 fiber. While some 
fibrils are clearly comprised of smaller components, a few fibrils in the 30-50 nm range 
(yellow circle) demonstrate good structural continuity. While it is possible that that SEM 
imaging cannot resolve microfibril bundles, these microfibrils correspond to the 
crystallite sizes described in Morgan’s model [19], and therefore, may be comprised of 
well-packed microfibrils. Areas of fine microfibrils (blue circle) may correspond to 
mesophasic regions which were proposed by Ran et al [59] and are located around or on 
the surface of ordered groups of microfibrils or fibrils. 
Figure 3.11 shows another view of the microfibrils inside a fractured KM2 fiber 
on a fracture surface. The microfibrils are somewhat disordered, with more noticeable 
disorientation of the microfibril endings (blue circle), and with noticeable variation in 
diameter. Intersections of two or more microfibrils (yellow circle) are also common. 
Most noticeably, the microfibrils had a granular texture, Figure 3.11(b). Although this 
could be attributed to the conformal conductive coating for SEM imaging, such 
formations were also seen in AFM images of microtomed fiber sections (Section 4.2.a). 
Thus, this may be direct imaging of terminated crystallites comprising Kevlar that were 
exposed after fracture. Such a possibility was noted by Li et al. in AFM studies on the 
Kevlar 49 [77], who concluded that crystallites vs. fibrils are observed depending on 
whether a fiber has been fractured during sample preparation. It is plausible that fracture 
under tension that involves uniformly high energy density along the fiber generates many 
fracture microfibril ends, as opposed to the local loading during fiber splitting. 
Upon fracture, the skin of AuTx fibers often had a clear microfibril structure, as 
shown in Figure 3.12. Such fibrillation has been seen both in AuTx and in KM2 in areas 
of large damage. Generally, only microfibrils are present near the skin, instead of the 
combination of fibrils and microfibril shown in the fiber interior. This may be a 
confirmation of Roth et al.’s observation [67] that the skin region is not an entirely 
amorphous region. As shown later, formations resembling these skin microfibrils are 
discernible in high resolution AFM images of the fiber skin. 
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(a) (b) 
Figure 3.10 (a) Interior fibrils in a tension tested KM2 fiber. The skin and part of the 
core were lifted, thus revealing the interior. (b) Continuous fibril circled in yellow, and 
small microfibrils circled in blue. 
 
  
(a) (b) 
Figure 3.11 (a) Microfibrils in a KM2 fiber fractured in tension. The blue circle points to 
the end of a microfibril forming a bead, while the yellow circle points to the intersection 
of two microfibrils. (b) Magnified image of microfibrils, showing a fine “beaded” 
structure. 
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Arrays of severed microfibril end aggregations were present in AuTx fibers as 
well, with the addition of pronounced layering as shown in Figure 3.13 and Figure 3.14. 
The particular fracture surfaces give the impression of cup-and-cone failure mode typical 
of metal fracture. Unfortunately, the matching side of the “cup” could not be located. 
This failure pattern could be associated with actual material structure, although no direct 
proof is available. 
 
 
Figure 3.12 Microfibrils near the surface of an AuTx fiber that failed under tension. 
Similar microfibrillar formations were present near the skin of KM2 fibers. 
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(a) (b) 
Figure 3.13 (a) Failure of an AuTx fibril. (b) A layered structure is revealed with many 
severed microfibrils. Both pictures were taken from a failed AuTx fiber that underwent 
tensile testing. 
 
  
(a) (b) 
Figure 3.14 (a) “Cup-and-cone” shear failure of an AuTx fibril. (b) The inner surface of 
the cup with fibrillated structure. Both pictures were taken from an AuTx fiber that 
underwent tensile testing. 
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3.2.b Formation of Microfibril Webs  
It was possible to see deformed webs of microfibrils in or below the failure 
surface of KM2 and AuTx fibers. Figure 3.15 through Figure 3.17 show several such 
webs from different fiber tests. Such microfibril webs are mostly seen below the fiber 
surface or in highly damaged fiber areas. Figure 3.15 shows a striking example of an 
elongated 2-dimensional sheet of microfibrils, with those in the middle suffering from 
separation, void formation (yellow circle), and fracture near the middle of the sheet. 
Another sheet-like microfibril web of a longitudinally split KM2 fiber is shown in Figure 
3.16(a,b), forming between relatively long fibrils and the interior of the fracture surface. 
 
  
(a) (b) 
Figure 3.15 (a) A stretched sheet of microfibrils forming a web in a tensile tested KM2 
fiber. (b) Detail of microfibrillar structure showing the separation of microfibrils and 
their severed ends that appear as beads in the yellow circle. 
 
A third type of web in KM2 fibers is shown in Figure 3.17, often occurring 
around sections that have undergone large compression and buckling, causing the skin to 
crack and the inner core to shear. Within the core, complex webs can form two differing 
morphologies: (a) sheet-like webs, as shown in Figure 3.17(a) and similar to those 
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presented before with the voiding and a microfibrillar structure, and (b) webs of the form 
of radial sheets shown in a yellow circle in Figure 3.17(b). 
While AuTx formed similar webs as those shown for KM2, they were smaller in 
size and the microfibrils within them were less defined compared to KM2. An example is 
given with the split fiber in Figure 3.18. While the web in the KM2 fiber in Figure 3.15 
stretched almost 1 μm across the spilt fiber, the webs seen in AuTx either broke or did 
not form at such large distances, not exceeding a maximum length of 300-500 µm. The 
voids that formed within a sheet were much smaller than those in KM2, as were the 
bridging microfibrils. The web shown in Figure 3.18(b) is representative of the very fine 
structure of AuTx webs, with small voids and microfibrils. Figure 3.19(a) shows similar 
webs as those shown Figure 3.16 for KM2. High magnification SEM images of these 
webs, e.g. Figure 3.19(b) showed that such webs form between fibrils (yellow circle), 
potentially pointing to a sheet-like structure for AuTx, which may be comprised of rigid 
rod chains. 
 
  
(a) (b) 
Figure 3.16 (a) Sheets of webs in a KM2 fiber tension tested to failure, which formed 
between stretched fibrils. (b) Symmetrically opened web with several microfibrils. 
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(a) (b) 
Figure 3.17 (a) Deformation webs in a tension tested KM2 fiber. Several large and broad 
sheets are present inside the KM2 fiber. (b) A fibril (in the yellow circle) with tangential 
sheet-like fibrils and microfibrils. 
 
  
(a) (b) 
Figure 3.18 (a) Deformation webs in a tension failure section of an AuTx fiber. (b) Area 
in yellow rectangle in (a), showing a fine web with voids and microfibrils smaller than 
those shown for KM2. 
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(a) (b) 
Figure 3.19 (a) Deformation webs that formed in a failed AuTx fiber. (b) Magnified area 
marked by the yellow rectangle in (a), showing web formations between fibrils. Both 
pictures were taken in the failure section of a tension tested fiber. 
 
While such web-like formations have not been discussed before in high 
performance fiber literature, the computational work by Bobaru [129] on the deformation 
of nanofiber networks using peridynamics has a striking resemblance to the features 
shown in the previous SEM images. The authors were also able to generate webs of fibers 
which form into sheets using peridynamic modeling. While the topic of peridynamics is 
outside the scope of this work (see [130] for a historical introduction to peridynamics, 
[131] for its original development by Silling, and [132] for its application to the nanofiber 
problem), the method is based on a non-local reformulation of continuum mechanics that 
allows for discontinuities. It also allows for long range forces (e.g. van der Waals), along 
with damage and fracture of bonds, with application to multiscale modeling of materials’ 
failure [133]. 
Bobaru [132] modeled the van der Waals interactions between randomly oriented 
nanometer-scale fibers forming a network undergoing tensile deformation, and reported 
that van der Waals interactions increase strength and toughness in a nanofiber network. 
While fiber reorientation due to fracture and deformation played a role in the mechanical 
deformation of the networks, segregation of several fibers brought together by van der 
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Waals was a key factor that caused a “Poisson-type effect”. This fiber accretion 
strengthened the network, compared to a network with no van der Waals interactions. 
Furthermore, the type of bonding in the network controlled its strength. The 
interaction at fiber crossovers was modeled by (a) as bonds with the same strength as 
bonds within the fibers, (b) partial crosslinking with low variability in the critical strain 
of fiber-fiber crossover bonds, and (c) partial crosslinking with high variability in fiber-
fiber crossover critical strain. As shown in Figure 3.20, the strength and toughness 
increased in the aforementioned listed. While partial crosslinking had some bonds that 
had larger critical strains than the average bond, high variability crosslinking was found 
to be stronger largely due to the weak crossovers that allow the network to rearrange, 
causing the accretion of groups of fibers. In the current tests with aramid fibers, a 
“Poisson-type effect” was evidenced in both KM2 and AuTx, although more clearly in 
KM2, as AuTx allowed for smaller stretching of its webs. More uniform crossover and 
potentially stronger interfibrillar bonding in AuTx webs prevented weaker sections of the 
web from aggregating. The symmetry in KM2 webs can be explained as the accretion of 
smaller groups of chains and microfibrils onto larger, stronger areas of the web. 
 
 
Figure 3.20 Simulations of a web of nanofibers undergoing axial strain. (a) All 
crossovers forming fiber-fiber bonds, (b) 30% bonded with low variability in crosslink 
bond strength, (c) 30% bonded with high variability in crosslink bond strength. All plots 
were captured at 25% horizontal strain. Figure adopted from [132]. 
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3.2.c Skin-Core Separation  
Several failure sections revealed differences between the skin and the core 
structure of both KM2 and AuTx. In Figure 3.21, the skin of a fractured KM2 appears 
very distinct from the ordered fibrous core, resembling an amorphous region that is 
loosely attached to the fibrillar core. A transition region is not discernible, which may 
explain fiber abrasion results where the skin is peeled in the form of ribbons with small 
core damage. The loose connectivity between the skin and the core may also be due to 
preexisting damage during tensile loading, with the process of tensile fracture damaging 
the interface between the skin and the core. A rough estimate for the skin thickness is 
~250 nm (see also Section 1.2.b). Figure 3.22 shows an area of skin-core differentiation 
in a fractured KM2 fiber. Here, the skin is separated through longitudinal and transverse 
cracking. In an area of bending under very small radius of curvature, as indicated by the 
large kink bands in Figure 3.23(a,b), unique teeth-like skin damage occurred. This result 
is an indication of the existence of surface fibrils or fibrillation of the amorphous outer 
skin by crazing. The transverse cracks between “crazes” shown in Figure 3.23(c) provide 
evidence for the brittle and potentially amorphous nature of the skin.  
 
  
(a) (b) 
Figure 3.21 (a) Skin vs. core differentiation in a tension tested KM2 fiber. (b) Detail 
image showing a ~250 nm thick skin region and no discernible transition between the 
fiber core and the skin. 
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(a) (b) 
Figure 3.22 (a) Surface of a tension tested KM2 fiber, with transverse and longitudinal 
cracks along the skin. (b) Magnified image of the area just under the skin. 
 
AuTx, on the other hand, had a more distinctive skin than the relatively 
featureless surface of KM2. As preported by Banduryan et al. [128], furrows run along 
the length of the fiber and intersect at acute angles. At these intersection points, 
Banduryan noted that skin fibrils disappear below the surface, while fibrils from the inner 
layer come out onto the skin. They noted that this structure was characteristic for fibers 
wet spun from 5-10% polymer solution and was owed to solidfication and subsequent 
plasticization drawing. The same surface features were evidenced in this study with 
furrows intersecting at sharp angles to form triangular surface fibrils, as seen in Figure 
3.24.  
AuTx fibers were subjected to a surface deformation mechanism during tension. 
Figure 3.24(a) shows deformation bands that formed on the skin during fiber extension. 
The bands were nearly transverse to the fiber axis, while some formed at shallow angles. 
Most bands were transverse to the edges of surface fibrils, on occasion extending across 
adjacent fibrils. Figure 3.24(b) shows the surface of a fractured AuTx fiber, with part of 
the inner skin exposed, which appears sheet-like, with the deformation bands from the 
outer surface extending into the fiber. 
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(a) (b) 
 
(c) 
Figure 3.23 (a) Outer skin fibrils that formed by bending a KM2 fiber after tensile 
failure. (b) Magnified image showing fibrillation. (c) Cracks in the skin between fibrils. 
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(a) (b) 
Figure 3.24 (a) Deformation bands in the failure section of a tension tested AuTx fiber. 
(b) Deformation bands forming steps in the interior of the skin region, with sheet-like 
appearance. 
 
 
3.2.d Cracks and kink bands 
Cracks and kink bands were often visible in failed sections in both AuTx and 
KM2. Cracks in KM2 fibers were often seen traveling longitudinally in failure sections of 
splitting fibers. These cracks often appeared to cross through both sides of the fiber, as 
seen in Figure 3.25(a). Figure 3.25(b) shows a magnified image of the crack, which 
would often disappear periodically beneath the surface. 
Transverse cracking was also seen in failed KM2 fibers, although it was unclear if 
this cracking was caused by tensile strain or complex loading. An overview of such a 
crack can be seen in Figure 3.26(a). In general the crack is seen to be relatively clean, 
with large transverse cracks following longitudinal cracking across the fractured 
macrofibril. Magnifying a section of the crack that shows a diagonal traversal, Figure 
3.26 (b) seems to show that unlike the ideal model pictured by Morgan et al. [19], cracks 
can possibly travel not simply along the transverse and longitudinal paths provided by 
grouped crystallites. 
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(a) (b) 
Figure 3.25 (a) A longitudinal crack in a KM2 fiber that underwent tensile testing. (b) A 
magnified image of surface cracks. 
 
  
(a) (b) 
Figure 3.26 (a) Transverse cracks in a fractured KM2 fibril. (b) Magnified image of 
transverse and diagonal cracks. 
 
Kink bands are visible in nearly every KM2 and AuTx fiber failure. These bands 
likely occur due to the intense complex stresses that form once the fiber fractures and the 
resulting stress waves pass through the fiber. This causes large bending and compressive 
strains, leading to the kink bands observed in the tensile failure sections. An example of 
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kink banding in a failure section is seen in Figure 3.27. The compressive stress was very 
large, given that the kink bands travel through the entire diameter of the fiber and caused 
“wedges” to form at ~45˚ areas. In this test, both large kink bands and fiber bending 
occur, even though one end of the fiber is completely free. This indicates that large 
permanent strain in the failure sections occurred, as otherwise the kink bands would be 
straightened out.  
 
 
Figure 3.27 Kink bands in a KM2 fiber. Note the steps created by these bands, generally 
oriented at a 45˚ angle, on the fiber surface. The fiber underwent tensile testing until 
failure. 
 
Transverse cracks in a failed AuTx fiber are visible in Figure 3.28. It is important 
to note that these cracks were not a widespread feature and were only found in one failure 
section. As shown in Figure 3.28(a), they are formed near a particularly damaged section 
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of fiber. There was no occurrence that seems to separate testing results in this fiber in 
relation to other tests. The cracks may have formed in this area of fracture surface due to 
the high amount of bending present, which would cause large tensile stresses on the outer 
surface. If true, these cracks may give a direct view into how cracks in the inner core of 
AuTx travel under high tension. It is notable that Figure 3.28(b,c) show different 
transverse cracking paths than seen in the fractured KM2 macrofibril seen in Figure 3.26.  
Instead of the clean, long cracks seen in KM2, many different smaller cracks are formed 
along with larger fibril bridging cracks. These cracks are relatively transverse, although 
multiple cracks can form along the length of a single fibril. Such a result seems to support 
the assertion made by Obaid et al. that the lack of 3-dimensional order in similar fibers 
makes it much more difficult for single cracks to travel through the fiber [58]. 
AuTx also forms kink bands like KM2. Several macrofibrils were split open 
during fracture, revealing how these kink bands affect the interior of the fiber. As the 
kink bands cross through the fiber, seen in Figure 3.29(a,b), they form steps of differing 
heights on the fracture surface. While it is tempting to link the periodicity or size of these 
steps to the earlier model proposed by Dobb for PPTA [26] (with a periodicity of ~500 
nm and a transition region of 30 nm), effectively linking kink-band formation through the 
fiber with crystallite buckling, no such consistent relationship was seen in AuTx. This 
could be expected, given that AuTx is thought to lack the long-range crystalline order 
inherent to Kevlar brands. Figure 3.29 (c) shows a particularly large kink band visible in 
the interior. It is notable that even with such large-scale deformation the microfibrillar 
structure is maintained on all surfaces.  
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(a) 
  
(b) (c) 
Figure 3.28 (a) Split AuTx fiber with (b) transverse and possibly longitudinal cracks. (c) 
Magnified image of the cracks in (b). All pictures were taken from the same failure 
section of a tension tested AuTx fiber. 
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(a) (b) 
 
(c) 
Figure 3.29 (a) Kink bands in an AuTx fiber. (b) Kink bands shown from the interior of 
the fiber to form steps. (c) A large kink band in a macrofibril. All images were taken 
from the failure sections of tension tested AuTx fibers. 
 
 
3.3 Surface Damage under Tension 
An AuTx and a KM2 fiber of gauge lengths of 2 mm underwent the normal 
testing procedure for strength tensile testing until reaching >90% of their tensile strength. 
At that point, the test was halted and the applied force was reduced to 2 GPa for KM2 
and ~800 MPa for AuTx to attach a glass slide below the two grips via epoxy. The two 
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glass grips were then cut free of the test apparatus and the glass slide was attached to an 
SEM aluminum post with carbon tape. The fibers were then coated with gold-palladium 
for 15 s.  The stress vs. time curve for the Kevlar KM2 specimen is shown in Figure 3.30. 
The fiber specimen as mounted in the SEM is shown in Figure 3.32(a), while Figure 
3.32(b) shows the deformed surface of the fiber with minimal differences from the 
surface of an undeformed KM2 fiber. The presence of surface ripples (yellow circle) is 
perhaps the most striking difference between deformed and undeformed KM2 fibers.  
 
 
Figure 3.30 Engineering stress vs. time plot from a KM2 fiber tension test that was 
halted at ~90% of the average tensile strength. 
 
Similarly, a stress vs. time curve for the AuTX fiber shown in Figure 3.33(a) is 
given in Figure 3.31. Partial fiber slip occurred when additional cross-head displacement 
was applied. When compared with as-received AuTx fibers, the tested fiber contained the 
very distinct deformation bands, as shown in Figure 3.33 (b,c). 
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Figure 3.31 Engineering stress vs. time plot from an AuTx fiber tension test that was 
halted at ~90% of the average tensile strength. 
 
  
(a) (b) 
Figure 3.32 (a) KM2 fiber after a halted tension test, showing no damage. (b) Wrinkles 
(yellow circle) on the relatively featureless surface of the KM2 fiber after testing. 
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(a) 
  
(b) (c) 
Figure 3.33 (a) AuTx fiber after a halted tension test. (b) Deformation bands in the skin 
of the fiber after the halted test, which are present in the entire fiber gauge section. (c) 
Magnified image of the deformation bands. 
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3.4 Conclusions 
Detailed SEM images were obtained to characterize the structure and failure 
mechanisms in KM2 and AuTx fibers. KM2 fibers were transversely compressed, bent, 
or abraded to prepare SEM samples that exposed the fiber skin and core structures. While 
most damage was confined to the surface, a crushed and split KM2 fiber revealed the 
presence of microfibril building blocks that were 5-15 nm in diameter. They were circular 
in diameter, while some microfibrils longer than 500 nm were seen. AuTx fibers, bound 
together much more tightly, revealed ribbon-like fibrils upon removal from a bundle. 
Very fine, ordered AuTx microfibrils were also found in cleanly fractured sections. 
Pointed and fibrillated fractures were seen in both AuTx and KM2 fiber failure 
sections after tension tests, although a pattern to their formation was not established. 
Microfibrils were present in both core and skin regions, with AuTx microfibrils 
appearing more ordered and oriented than KM2 microfibrils. Both fibers showed 
evidence of aggregated chain ends, while AuTx sometimes contained unique cup-and-
cone fibrillated failure. Large webs of microfibrils were present in both types of fiber 
failure sections. Both fibers had distinct skin regions, with KM2 fibers being featureless 
compared to AuTx. Cracks and kink bands were present in both fiber failure sections, 
with long, continuous cracks visible in KM2, compared to shorter cracks in AuTx. 
Finally, using interrupted tensile tests, fibers that had been stressed to > 90% of their 
tensile strength value and subsequently relaxed to a lower stress level were imaged. AuTx 
showed visible kink bands in its surface fibrils, while KM2 had only small surface 
ripples. 
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CHAPTER 4  
 
 
 
4. AFM STUDIES OF ARAMID FIBERS 
Atomic force microscopy (AFM) employs small cantilevers to detect surface 
features on a specimen, often with nanoscale resolution. While AFM images are indirect 
measurements of the surface profile that can suffer from a variety of artifacts [134], the 
nanometer scale resolution without the use of a conductive coating, as well as the ability 
to resolve some mechanical properties, can provide useful information about the structure 
of polymer fibers that cannot be obtained through other methods. When combined with 
direct imaging methods, such as optical and electron imaging, a more complete picture of 
the material structure can be obtained. 
AFM imaging of high performance fibers has been reported since early 1990 [77], 
often to confirm previous observations with other imaging techniques. For instance, 
Languerand et al. reported skin-core differentiation and the submicron fibrillar 
microstructure of PPTA [135]. Li et al reported skin-core differentiation in Kevlar fibers, 
and reported that the core consisted of tightly packed fibrils ranging between 100 and 200 
nm, which followed intertwined and braided arrangements [66]. Rebouillat et al. reported 
that super sharp AFM tips of single crystal silicon did not improve imaging due to strong 
interactions with the aramid surface [136]. Based on AFM images, McAllister et al. [74] 
established the transverse isotropy in Kevlar 49, with a clear difference between skin and 
core in KM2. They also employed an AFM for indentation and scratch tests of the surface 
of Kevlar 49 and KM2 [75]. 
The main focus of the present study was to obtain information about the fiber core 
structure, especially the basic structural unit of the fibers, the microfibril. While several 
attempts were made to image the interior of fractured or deformed fibers, the most 
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successful images were obtained from fibers that were prepared by a microtome. In this 
technique, the fibers were embedded in epoxy resin, which was then cut with a diamond 
knife to create perpendicular and longitudinal slices on the order of 75-150 nm thick. 
While this technique would often damage parts of the specimen from cutting, areas of 
low damage could be found and successfully scanned.  
An Asylum Research Cypher AFM was used in tapping mode. High resolution 
tips (tip radius < 10 nm), manufactured by BudgetSensors were used. The tips were 
attached to 125 µm long cantilevers with 40 N/m force constant and a resonant frequency 
of 300 KHz. Ultra-high resolution tips manufactured by Nanosensors had <5 nm 
guaranteed tip radius and <2 nm average tip radius. They were attached to 125 µm long 
cantilevers with force constant of 42 N/m and a resonant frequency of 330 KHz. Both 
types of tips were used to obtain the images reported here; the lower resolution tips were 
much more resistant to blunting and could better stand up to the polar forces on the 
aramid surface, while the ultra-high resolution tips allowed for detecting extremely small 
features. 
 
4.1 Fiber Surface Imaging 
Surface images were obtained of individual KM2, Twaron, and AuTx fibers 
mounted onto a glass slide with two drops of adhesive at their ends. AFM images were 
obtained from fibers pulled directly from their bundles, and fibers that were washed in 
acetone for 3 hr then baked at 70 ˚C for 4 hr, and left in a dehumidified environment for 
24 hr before imaging, similar to the procedure Young and Andrews used to remove the 
sizing of aramid fibers [137]. Miller et al. found that acetone rinsing did not change the 
strength of Kevlar 49, implying minimal change of the fiber surface due to acetone 
rinsing [138]. Proprietary fibers, such as KM2 and Armos, are often sized to prevent 
water absorption and other forms of degradation [139, 55]. For KM2, this acetone 
cleaning did not have an effect on surface images, while for AuTx and Twaron fibers this 
treatment was necessary to conduct AFM imaging. 
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An example of images of KM2 fibers obtained by using the lower resolution 
AFM tips is given in Figure 4.1. The KM2 fiber had a relatively smooth surface with an 
RMS roughness of 3.1 nm, after flattened by a second-order polynomial function to 
account for the curvature of the slice that was suspended on a TEM grid. Other images 
had RMS roughness values between 1-3 nm when flattened by the same method. Streaks 
running along the fiber axis imply the presence of surface microfibrils, similar to the 
images in Rebouillat et al. [136]. The small specs on the surface are likely surface 
contamination, either from post processing or from transport, while the pile-up could be 
due to surface damage.  
 
 
(a) (b) 
Figure 4.1 (a) AFM height and (b) phase image of the surface of an unwashed KM2 
fiber, imaged with an AFM tip of 10 nm radius. The image was flattened with a 2
nd
 order 
polynomial function. The RMS roughness is 3.1 nm. 
 
High resolution AFM tips and smaller scan sizes provided significantly better 
detail, as shown in Figure 4.2(a), where microfibril formations on the skin of the KM2 
fiber were discernible (e.g. blue circle). The banded structure of the microfibrils may also 
represent crystallites which constitute the microfibrils. Notably, these structures also 
agree very well with the periodic 35-nm defect planes reported by Panar et al [35].  
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Rebouillat et al. suggested that their AFM studies on Kevlar fibers showed 
microfibrils 500 nm wide with pleat periodicity of 50 nm [140]. In their images, 
crystalline areas showed this pleating in rectangular networks, while less crystalline areas 
showed what was termed as “skin-core differentiation”, areas where skin fibrils became 
indistinct while core zones had more voids or defects and the pleating was less regular. In 
contrast, the microfibrils shown in Figure 4.2 were smaller, ~20-25 nm.  
The surface of AuTx was much more difficult to image, due to contamination or 
the sizing on the fibers used to protect the fiber outer surface. While portions of the 
surface were relatively clean, as shown in Figure 4.3, the AFM tips were damaged easily, 
leading to streaking artifacts. After acetone cleaning, the fiber surface could be imaged 
without contaminating the tip, although sections of the fiber were damaged, as shown 
Figure 4.4. Overall, the surface features resolved by AFM surface imaging corresponded 
well to those in SEM images, without adding new information. The sharp AFM tips did 
not reveal new information either, due to difficulties encountered during imaging: the 
surface of AuTx fibers caused rapid blunting of the tips, therefore images of AuTx fibers 
could be obtained only with lower resolution AFM tips.  
As-received Twaron fibers had large amounts of sizing, preventing meaningful 
imaging. Once the majority of the sizing was removed by acetone, it became clear that 
Twaron had very similar surface features as KM2, which is to be expected given the 
similar chemical structure and processing of Twaron and Kevlar. An example of a 
Twaron fiber surface is given in Figure 4.5, where the fine vertical ridges aligned along 
the fiber axis are reminiscent of the surface fibrils seen on the surface of KM2. 
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(a) 
 
(b) 
Figure 4.2 (a) AFM height and (b) phase images of the surface of an as-received KM2 
fiber, imaged with an AFM tip with radius of 2 nm. The images were flattened with a 2
nd
 
order polynomial function. The RMS roughness is 0.5 nm. 
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(a) (b) 
Figure 4.3 (a) Height and (b) phase AFM images of the surface of an as-received AuTX 
fiber. Note the contamination due to fiber sizing. Images were flattened with a 2
nd
 order 
polynomial function. The RMS roughness 5.3 nm. 
 
  
(a) (b) 
Figure 4.4 (a) Height and (b) phase images of the surface of an acetone cleaned AuTx 
fiber. The fiber surface is on the right of the image, while a section peeled off from the 
fiber is shown on the left. Images were flattened by using a 2
nd
 order polynomial 
function. 
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Figure 4.5 AFM height image of the surface of an acetone cleaned Twaron fiber that was 
imaged with a 10-nm radius AFM tip. The image was flattened by using a 2
nd
 order 
polynomial function. The RMS roughness is 2.3 nm. 
 
 
4.2 AFM Images of Microtome Prepared Fiber Sections 
Microtome sections allow for a look at the interior fiber structure. However, the 
cutting procedure by a microtome knife often causes defect zones. Several different types 
of defect zones may form, such as grooves caused by notches in the knife and specimen 
wrinkling [141]. Despite these drawbacks, areas of relatively undamaged fiber slices can 
be identified and imaged by an AFM. Fiber sample preparation by a microtome allows 
for longitudinally and transversely cut fibers. The longitudinal sections, ideally cut 
parallel to the fiber long-axis, were often slightly tilted, leading to an angled cut with 
respect to the fiber axis. This could explain some of the damage in the specimens, as well 
as possible distortions of the fiber nanostructure. The transverse sections were often 
completely deformed with ripples and even tearing. Thus, finding undamaged areas in 
these cuts was often difficult or impossible, although even such damaged areas may lead 
to insights about the deformation mechanisms of the underlying fiber structure.  
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The microtome process was performed by Lou Ann Miller at the University of 
Illinois Materials Research Laboratory. Several small bundles from each fiber type were 
mounted by their two ends onto rectangular notecards to prevent fiber bending during 
handling. The fiber bundles were briefly immersed into acetonitrile, embedded into pure 
epoxy resin, flattened between 2 sheet of aclar, and then re-hardened into a block mold. 
The temperature was held at 60-70 ˚C for several hours, which is well below the 
temperatures that would impact the fiber structure. Finally, using a microtome blade, 
several slides were cut in the longitudinal and transverse directions. 
 
4.2.a Longitudinal Cuts of KM2 Fibers  
Kevlar KM2 longitudinal cuts imaged with a 10-nm radius tip are shown in 
Figure 4.6. Substantial damage can be seen in the small magnification pictures in Figure 
4.6(a,b). Further damage is pointed out by the arrows in Figure 4.6(a,b). Between these 
areas of deformation, relatively undamaged sections were imaged by 10-nm radius AFM 
tip, as shown in Figure 4.6(c,d). The images revealed a rod-like structure that may 
correspond to microfibrils, which also agrees with the “needle-like domain” description 
by Itoh and Hashimoto used to describe features inside their microfibrils [38].  
Using a 2 nm radius AFM tip, more detail was resolved in the rod-like formations 
of Figure 4.6. Images from the relatively undamaged area marked in Figure 4.7(a,b), 
showed that the rod-like formations are actually beaded structures forming largely 
oriented microfibrils. The microfibrils range in size, as do the beads that comprise them, 
with diameters of 5-30 nm. Several of the damaged sections showing material pile-up as 
imaged with the 10-nm radius tip were found to be much more akin to kink banding, with 
a seemingly buckled microfibrillar structure being plainly visible. Finally, AFM scans 
across the entire fiber showed little difference between the skin and core, although 
qualitatively, the skin region contained fewer areas of fibrillar order and relatively 
disorganized beads, with some small fibrils and microfibrils as seen in Figure 4.8. The 
beaded structure is clear in Figure 4.9. While the organized fibril structure is still visible 
in sections of the image, larger fibrils and microfibrils are seen to be comprised of larger 
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crystallites, with smaller crystallites filling in gaps in the structure and creating smaller 
microfibrils. 
 Possible errors in the interpretation of these images stem from damage due to the 
microtome itself. According to Li et al., such damage depends on the fracture manner 
which determines whether crystallites or a fibrillar structure are seen [77]. For more 
insight, the KM2 images in this Section should be compared to images obtained for 
Kevlar 49 in Section 4.2.c. It is unlikely that the fine orientation comprising the 
microfibrils was created by notches in the cutting blade, as the cut had a slight 
disorientation with respect to the fiber axis. However, other specimens had such furrows 
that were exactly oriented with furrows in the epoxy, although high resolution super-
sharp AFM tip images were not obtained for these specimens. Finally, it is noteworthy 
that these images combine both crystallites and a fibrillar structure, both of which have 
been reported in prior studies [19, 35].  
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(a)  (b)  
  
(c) (d) 
Figure 4.6 (a) AFM height and (b) phase images of a KM2 microtomed fiber. The AFM 
tip radius was 10 nm. The arrows point to periodic large deformation due to cutting. (c) 
AFM height and (d) phase images of the relatively undamaged area pointed in (a,b). The 
domains between the damaged sections have a rod-like structure.  
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(a)  (b) 
  
(c) (d) 
Figure 4.7 (a) AFM height and (b) phase images of a microtomed KM2 specimen 
obtained with a 2-nm radius AFM tip. (c) AFM height and (d) phase images of the area 
marked in (a,b). 
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(a) (b) 
Figure 4.8 (a) Phase and (b) amplitude images of a microtomed KM2 fiber obtained with 
an AFM tip with 2-nm radius. The smooth area corresponds to the epoxy while the 
featured area shows the fiber. 
 
  
(a) (b) 
Figure 4.9 (a) Close-up AFM height and (b) phase images of a microtomed KM2 fiber 
obtained with a 2-nm AFM tip. Note the beaded nature of the surface. 
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4.2.b AFM Studies of AuTx Fibers 
AuTx fibers were imaged similarly to the KM2 fibers, although the diamond knife 
had a distinctly different effect. The damage to KM2 was periodic and throughout the 
fiber, while AuTx fibers contained areas that were more heterogeneous with areas of 
extensive damage and sizable areas with damage only due to furrows created by 
imperfections in the diamond knife. Areas with little relative damage were imaged by 
high resolution AFM tips.  
Figure 4.10 shows an AFM scan of an area of undamaged AuTx using a 2-nm 
radius tip. The structure is similar to KM2 fibers, with small, beaded crystallites 
comprising oriented microfibrils. Qualitatively, these AuTx microfibrils appear more 
ordered and oriented when compared to the KM2 microfibrils, and the crystallites that 
comprise AuTx microfibrils also appear smaller and more uniform than their KM2 
counterparts. It is unlikely that this is an imaging artifact due to knife imperfections, as 
there is large uniformity in microfibril width, with some misorientiation present. 
Transverse microtome cuts of AuTx fibers resulted in heavily deformed 
specimens that were difficult to scan without damaging the AFM tip and had few 
relatively undamaged areas. In Figure 4.11(a), it is clear that the specimen is heavily 
damaged, with areas of ripples, sections pulled out from the epoxy, and grooves from 
notches in the knife. Figure 4.11(b-d), obtained from a relatively undamaged area by 
using a 10-nm radius tip, show clear crystalline domains which are oriented in rows 
parallel to the grooves caused by the diamond knife, indicating that the orientation 
evidenced is likely due to damage. However, a diameter of ~10-20 nm can still be 
determined. When a high resolution AFM tip was used, the crystalline domains in Figure 
4.11 were resolved as the smaller domains shown in Figure 4.12, ranging in size from 5-
10 nm.  
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(a) (b) 
Figure 4.10 (a) AFM height and (b) phase images of a microtomed AuTx specimen. The 
images were taken with a 2-nm radius AFM tip. While similar to KM2, the beads are 
smaller and more ordered in a fibrillar structure. 
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(a) (b) 
  
(c)  (d) 
Figure 4.11 (a) AFM height images of a transverse section of a KM2 fiber. (b) AFM 
height image of a relatively undamaged area of the fiber. (c) AFM height and (d) phase 
images of a section of the fiber near furrow damage. The circles correspond to areas 
where crystallites may have been removed during cutting. The images were taken with a 
10 nm radius AFM tip. 
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(a) (b) 
  
(c) (d) 
Figure 4.12 (a) AFM height and (b) phase images of a transverse section of a KM2 fiber. 
(c) AFM height and (d) phase images of a different section of the fiber. Both images 
were taken with a 2-nm radius AFM tip. 
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4.2.c AFM Studies of Kevlar 49 Fibers 
AFM images of Kevlar 49 fibers, e.g. Figure 4.13, showed a two phase structure 
of fibrillar rods covered by an amorphous material. Such structure was seen before in 
SEM images, e.g. Figure 4.14, of fractured KM2 fibers. This KM2 fiber section had 
similar structure as Kevlar 49 in the AFM images, with an amorphous phase covering the 
oriented microfibrils. These images appear to be at odds with the “beaded” structure of 
KM2. Microtome damage could change the imaged structure of the fibers. Such 
differences may also be due to different processing between the modern KM2 variant 
compared to the chronologically earlier Kevlar 49 variant.  
Finally, Figure 4.15(a,b) show a Kevlar 49 specimen with highly ordered structure 
and almost no amorphous regions. The images also show beaded features similar to those 
in KM2. The lack of amorphous material in this image may be the key to understanding 
the differences in AFM images. It is possible that the microtome knife sheared off the 
weaker amorphous phase to reveal the underlying crystallites. 
 
  
(a) (b) 
Figure 4.13 (a) AFM height and (b) phase images of a microtomed Kevlar 49 specimen. 
The images were taken with a super sharp, 2-nm radius, AFM tip.  
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Figure 4.14 SEM image of a KM2 fiber failure section showing similar features as the 
AFM images for Kevlar 49, with oriented microfibrils. 
 
  
(a) (b) 
Figure 4.15 (a) AFM height and (b) phase images of a microtomed Kevlar 49 specimen. 
The images were taken with a 2-nm radius AFM tip. 
 
 
 
98 
4.2.d AFM Studies of Twaron Fibers 
Twaron fibers were difficult to image, as most of the microtomed specimens were 
severely damaged with no relatively smooth sections. One area that was imaged with a 2-
nm radius AFM tip is shown in Figure 4.16. The structure is similar to Kevlar 49 shown 
in Figure 4.13. Microfibrils are occasionally covered by a more amorphous phase and are 
qualitatively less orientated than in Kevlar 49. Upon close inspection, several of the 
“beads” seen in high resolution AFM images of KM2 are also present in Twaron, with 
several of the microfibrils being comprised of very small beads.  
 
  
(a) (b) 
Figure 4.16 (a) AFM height and (b) phase image of a microtomed Twaron fiber. The 
images were taken with a 2-nm radius AFM tip.  A two-phase structure similar to Kevlar 
49 is shown, although a few beads are present in close-up images of some microfibrils. 
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4.3 Conclusions 
AFM imaging was carried out on the fiber outer surfaces and microtomed 
samples. All fibers had relatively smooth surfaces, with KM2 and Twaron distinguished 
by microfibrils aligned along the fiber axis. The crystallites comprising the microfibrils 
could be discerned on the surface of KM2 by using super sharp AFM tips. AuTx 
provided AFM surface images similar to those by an SEM, with triangular shaped surface 
fibrils. However, further information of the AuTx skin could not be obtained with super 
sharp AFM tips. Longitudinal microtome cuts provided information about the 
microfibrils: the rod-shaped microfibrils visible in KM2 by using a 10-nm AFM tip, were 
resolved into a series of aligned beads when a 2-nm AFM tip was used. Such beading 
was also seen in AuTx, although the beads were smaller and much more aligned. These 
beads were also visible in Kevlar 49, although other images showed continuous 
microfibrils. Oriented beads were visible in the case of Twaron, as well as continuous 
microfibrils and less ordered material. It is possible that the microtome knife could have 
caused deformation of the microfibrils along the defect planes noted in Section 1.2, 
exposing the crystallites and forcing the beaded appearance seen in several of the AFM 
images. Finally, voiding was present along ploughs in transversely microtomed samples 
of AuTx, potentially demonstrating the removal of crystallites from the fiber. 
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CHAPTER 5 
 
 
 
5. TEM STUDIES OF ARAMID FIBERS 
In an effort to obtain direct structural and defect information from the interior of 
aramid fibers at the nanoscale, transmission electron microscopy (TEM) images were 
acquired from stained and unstained microtomed samples. TEM images of polymeric 
materials are difficult to obtain and require advanced staining and preparation techniques 
such as heavy metal staining [141]. In aramid fibers, some success has been demonstrated 
by dissolving fibers in highly concentrated sulfuric acid and imaging the resulting 
crystallites [19]. However, such dissolution may provide a compromised view of the fiber 
nanostructure. Dobb et al imaged microtomed samples of fibers that were pre-stained 
with silver sulfide. They supported the argument that the heavy metal segregated in voids 
inside the fiber, thus making them visible in the TEM [82]. While silver sulfide could not 
be used in the current study, several other stains were tested, such as osmium, colloidal 
silver, and toluidine blue. All these stains generally failed to infiltrate the fibers and did 
not improve the image quality when compared to unstained fibers. While images could be 
obtained from unstained samples, they were not of resolution comparable to those 
obtained by an AFM using sharp tips, or an SEM using metal-coated samples. Sputter 
coating with metals did not provide an improvement. On the other hand, sputter coating 
with carbon allowed for higher resolution, but clouded our ability to discern whether the 
features resolved were from the carbon coating or the underlying structure. All specimens 
were cut by an ultramicrotome as described before, and were collected from a water basin 
directly onto standard copper TEM grids. Sections of the fibers that were attached nearby 
to a copper grid withstood the electron beam energy and provided relatively good images. 
As stated in Section 1.2, diffraction data have been used quite extensively in 
literature to characterize the material structure of aramid fibers. While similar diffraction 
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experiments were tried on microtomed samples in both the TEM and STEM, they did not 
provide any signs of order in AuTx, Kevlar KM2, and Kevlar 49. 
 
5.1 TEM Imaging of KM2 Fibers 
Damage to KM2 samples due to microtome cutting often appeared in the form of 
periodic striations. As shown in Figure 5.1(a), the nearly periodic density contrast 
contours reveal material pileup (period of ~1 µm), although on occasion intermediate 
pile-ups can be seen in intervals of 500 nm or 250 nm that correspond well to the pleat 
spacing discussed in Section 1.2. Small, thin regions of reduced density contrast could be 
due to material sliding during cutting. However, the cut shown in Figure 5.1(b) shows 
less periodic banding, while the density contrast along the fiber is owed to the fibrils 
aligned with the fiber axis. 
  
(a) (b) 
Figure 5.1 Longitudinally microtome-cut KM2 specimens. (a) Nearly-periodic banding 
across the fiber. (b) Density contrast highlighting fibrils in a different specimen. 
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While nanoscale resolution by a TEM was limited by the relatively low operating 
voltage of the TEM and due to material “burning”, some images mirrored the 
observations from the SEM and AFM studies described in previous Chapters. For 
instance, Figure 5.2 shows an area with a large number of microfibrils, including the 
adverse effects of material preparation such as buckled fibrils. 
 
 
Figure 5.2 TEM image of a longitudinally cut KM2 specimen showing microfibrils and 
local buckles. 
 
 
5.2 TEM Studies of AuTx Fibers 
In comparison to sectioned KM2 fibers, AuTx fibers were often subjected to 
substantially less damage (as evidence by the density contrast in TEM images) and, thus, 
were relatively featureless. As shown in Figure 5.3(a), a typical longitudinal cut of a fiber 
revealed a core region with less damage than the outer “skin” region, although this was 
not always the case. The size of this outer region agrees well with the skin-core 
morphology in PPTA and the SEM images presented in an earlier Chapter. A detail from 
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a different fiber that demonstrated fairly light damage, shown in Figure 5.3(b) provides 
more information about skin damage, showing distinct bands that travel from the core 
region to the surface. Notably, these pictures were obtained from Osmium stained fibers, 
which may have exposed the skin damage. 
 
  
(a) (b) 
Figure 5.3 TEM image of longitudinal sections of AuTx fibers. (a) A longitudinal cut 
from a fiber that was stained with Osmium. (b) Magnification of the skin-core interface 
region showing banding in the skin region, which ends at the edge of the core.  
 
Figure 5.4(a) shows a fiber where damage is limited to transverse bands with 
large, smooth areas between them. At higher magnifications, Figure 5.4(b), large bands 
are discernible due to density contrast. The very fine and regular spacing (10-20 nm) 
between the fibrils in this TEM image corresponds to the fiber structure rather than 
artifacts due to material preparation. These images provide proof for microfibrils 
extending over very large distances. The microfibril structure revealed in these TEM 
images agrees very well with the AFM images in Section 4.2.b, although obtaining TEM 
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resolution that exposed the extremely fine beads shown in the AFM images was not 
possible.  
 
  
(a) (b) 
Figure 5.4 (a) Longitudinal cut of an unstained AuTx fiber showing a relatively 
undamaged fiber with periodic ripples due to the cutting process. (b) Magnification of an 
undamaged specimen section that reveals rows of fine microfibrils.  
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Figure 5.5 TEM image of an oblique-cut mictrotome section of an AuTx fiber with no 
applied staining. 
 
Transverse microtome sectioning of AuTx fibers caused severe damage to the 
samples. Figure 5.6(a) shows a typical example of the damage in transversely cut fibers. 
While the surrounding epoxy was cut relatively smooth, ripples and major tears were 
present in the fiber section, in addition to the typical furrows caused by imperfections of 
the microtome knife. Sample areas with less damage were used to obtain TEM images as 
shown in Figure 5.6(b), where periodic banding of the order of tens of nanometers is 
oriented transversely to the cut direction (revealed by the microtome-induced furrows). 
These bands had uniform spacing except for a few cases such as the one marked by the 
yellow circle. While it is tempting to link these uniform features to an underlying 
structure, such as the small crystallites in the AFM image of KM2 fibers shown in Figure 
4.11, care must be taken as these bands could also be the result of the convolution 
between the underlying structure and the microtome cutting process.  
Damage due to microtome cutting, known as chattering, typically results in 
artifacts of alternating light and dark bands [142]. The fine periodic features evidenced in 
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TEM images were characterized by very large frequencies; such periodicities have been 
reported before for polymers. Gu et al. has reported feature periodicities with 36 nm 
spacing [143] in cross-linked PMMA samples. Similarly, Al-Amoudi et al. reported 
periodic features with 20-30 nm spacing in vitreous cryo-sections of yeast cells prepared 
for cryo-electron microscopy [144]. Al-Amoudi et al. showed that the chattering that took 
place during preparation of their specimens was not due to the vibrating specimen arm; 
instead, the chatter in their vitreous sections potentially originated in variations in friction 
between the knife and the sectioned surface resulting in a stick-slip effect [144]. Such a 
mechanism could also be at work in the present fiber sections. Moreover, heterogeneities 
in the fiber transverse structure could accentuate a slip-stick mechanism during fiber 
cutting. 
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(a) (b) 
 
(c) 
Figure 5.6 (a) Image of a transverse section of an AuTx fiber. Cutting was conducted in 
the direction of the white furrows. (b) Close-up image of a relatively undamaged area of 
(a). (c) Detail of (a) showing that the wrinkles in (b) do not extend into the epoxy. 
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5.3 Conclusions 
TEM imaging of the structure and defects in aramid fibers was proven 
challenging, as the staining process did not enhance the underlying fiber structure. The 
problem originated in the preparation of thin sections of KM2 and AuTx fibers by a 
microtome. Knife damage was present in both types of fibers but in different form and 
degree: KM2 fibers demonstrated periodic defect banding along the fiber axis and along 
fibrils, with greater damage occurring near the fiber periphery. Meanwhile, AuTx fibers 
were characterized by areas of low damage that permitted TEM imaging. On the other 
hand, transverse microtome sections of AuTx fibers were subject to extensive tearing and 
fiber buildup, with small 10-30 nm periodic bands running perpendicular to the cutting 
direction that was evidenced in both damaged and undamaged areas. The formation of 
these fine bands could be due to high-frequency chattering of the microtome knife as well 
as variations in the transverse fiber properties. 
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CHAPTER 6 
 
 
 
6. CONCLUSIONS   
This dissertation research aimed at elucidating and qualifying the structure and 
defects in aramid fibers. Towards this goal, uniaxial tension experiments with individual 
AuTx and KM2 fibers were conducted for a range of fiber gauge lengths between 100 μm 
and 10 mm. The tensile strength of Kevlar KM2 fibers was 4.4 ± 0.4 GPa, and the tensile 
strength of AuTx fibers was 5.55 ± 0.7 GPa. The tensile strength was relatively 
insensitive to the fiber gauge length, which suggests that fiber failure was initiated at 
length scales well below the micron-scale. The results from microscale tension 
experiments also yielded the axial modulus of KM2 fibers as 85.6 ± 3.7 GPa. 
SEM, AFM, and TEM microscopy was used to investigate the fiber structure. 
SEM images were obtained from the failure sections of tension tested fibers, and from 
fibers that have been subjected to transverse compression or axial splitting. In all cases 
the existence of the smallest building block, the microfibril, was shown to have a circular 
cross section and diameter as small as 5 nm. This structure was common for AuTx and 
KM2 fibers. On the other hand, several interesting features of the fiber failure sections 
such as the formation of webs of microfibrils provided strong evidence for a structural 
difference between KM2 and AuTx fibers that lies with differences in interfibrillar 
interactions in the two types of fibers. Several observations in SEM images were 
confirmed by AFM imaging such as the presence of surface fibrils in KM2 fibers, 
consisting of 30 nm crystallites. Most notably, high resolution AFM imaging revealed 
distinct beads of 5-20 nm in diameter in KM2 and AuTx fibers that corresponded to the 
ends of microfibrils severed during microtome cutting. TEM imaging of microtome cut 
fiber sections was proven quite challenging due to damage induced during fiber 
sectioning. Comparatively speaking, AuTx fibers sustained less damage compared to 
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KM2 fibers and offered themselves for TEM studies. The mechanical properties and the 
microscopy studies presented herein serve as a basis to further investigate the physical 
mechanisms limiting the tensile strength of high performance aramid fibers, as well as 
develop hierarchical multiscale models with predictive capabilities.  
 
6.1 Future Prospects 
The studies pursued in this dissertation research revealed several challenges in the 
area of intra-fibrillar structural characterization and the mechanics of the building blocks 
comprising high performance aramid fibers, which are described in this Section. 
 
6.1.a Material Characterization with Improved Microtome 
AFM and TEM imaging of microtomed samples has been proven a difficult task 
as in most cases the fiber structure and the defects generated by the microtome created a 
convoluted picture. This issue could have been circumvented if the stains applied to the 
fibers had infiltrated to the core and, thus, provided a strong density contrast in TEM 
images. All four types of polymer staining attempted failed to reveal any structural 
information about the fibers. The staining process developed before by Dobb et al. for 
their studies on Kevlar [82] provides a possible solution to this problem. However, the 
particular staining process utilizes chemicals that are not readily available in our facilities 
and requires the development of particular handling tools under a chemical hood. 
Although the process of fiber staining may not provide an unbiased view of the internal 
fiber structure, a comparison of thus prepared Kevlar 49, KM2, and AuTx fibers could 
shed light to structural differences between the three types of fiber that would explain the 
differences in their mechanical properties.  
A second issue with microtomed fibers arises from the obliquely cut fibers both in 
longitudinal and in transverse directions. This poses a more difficult challenge as the 
fibers must be mounted on a stable, flat surface (or between two aligned surfaces) that is 
safe for the diamond knife to cut. For perfect fiber alignment, individual fibers must be 
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isolated from bundles, which is not a straightforward process when large numbers of 
fibers are needed. 
 
6.1.b E-Beam Damage 
KM2 and AuTx would often form large transverse cracks in the viewing area 
during prolonged high magnification imaging by an SEM. These cracks would 
progressively grow with further exposure to the electron beam. Polymer damage is 
typical under high electron field imaging. Dickinson et al. explained the formation and 
growth of cracks as the result of electron collision bond breaking, which weakens the 
fiber skin under an electron beam [145]. Such cracks may grow by the combined effect of 
skin damage, embrittlement, and the residual stresses in the fiber skin.  
 
  
(a) (b) 
Figure 6.1 (a) A crack that formed in an AuTx fiber after exposure to the electron beam. 
(b) Crack progression after further exposure to the electron beam. 
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(a) (b) 
Figure 6.2 (a) Crack forming in a KM2 fiber after exposure to the electron beam. 
Longitudinal cracks also formed at the crack tips. (b) Crack progression after longer 
exposure to the electron beam inside an SEM. Note that the cracks are mainly 
perpendicular to the fiber axis. 
 
 
 
  
 
 
113 
REFERENCES 
 
[1]  M. Afshari, J. Doetze, K. Lee and M. Bogle, "High Performance Fibers Based on 
Rigid and Flexible Polymers," Polymer Reviews, vol. 48, no. 2, pp. 230-274, 2008.  
[2]  Du Pont, "Kevlar Aramid Fiber Technical Guide". 
[3]  P. J. Lemstra, "Processing for Ultimate Properties," in Modification and Blending 
of Synthetic and Natural Macromolecules, Printed in the Netherlands, Kluwer 
Academic Publishers, 2004, pp. 201-217. 
[4]  S. Varshney, "Liquid crystalline polymers: A novel state of material," Journal of 
Macromolecular Science, Part C, vol. 26, no. 4, pp. 551-650, 1986.  
[5]  J. Preston, "Synthesis and Properties of Rodlike Condensation Polymers," in Liquid 
Crystalline Order in Polymers, New York, Academic Press, Inc., 1978, pp. 141-
165. 
[6]  R. Hagege, M. Jarrin and M. Sotton, "Direct evidence of radial and tangential 
morphology of high-modulus aromatic polyamide fibres," Journal of Microscopy, 
vol. 115, no. Pt 1, pp. 65-72, 1979.  
[7]  H. Yang, Kevlar Aramid Fiber, John Wiley & Sons Ltd., 1993.  
[8]  J. McIntyre, "Aramid fibres," Rev. Prog. Coloration, vol. 25, pp. 44-56, 1995.  
[9]  K. Perepelkin, I. Andreeva, E. Pakshver and I. Morgoeva, "Thermal Characteristics 
of Para-Aramid Fibers," Fibre Chemistry, vol. 35, no. 4, pp. 265-269, 2003.  
[10]  Teijin, Twaron - A Versatile High-Performance Fiber.  
[11]  M. e. a. Grujicic, "Multi-length scale computational derivation of Kevlar yarn-level 
material model," Journal of Material Science, no. 46, pp. 4787-4802, 2011.  
[12]  A. A. Levchenko, E. M. Antipov, N. A. Plate' and M. Stamm, "Comparative 
Analysis of Structure and Temperature Behaviour of Two Copolyamides - Regular 
KEVLAR and Statistical ARMOS," Macromol. Symp., vol. 146, pp. 145-151, 
1999.  
[13]  A. A. Leal, J. M. Deitzel and J. W. G. Jr., "Assessment of compressive properties 
of high performance organic fibers," Composites Science and Technology, vol. 67, 
pp. 2786-2794, 2007.  
[14]  P. Smith and Y. Termonia, "Effect of chain-end segregation on the theoretical 
 
114 
tensile strength of polyethylene and Kevlar," Polymer Communications, vol. 30, 
no. 3, pp. 66-68, 1989.  
[15]  Y. Termonia and P. Smith, "Theoretical study of the ultimate mechanical properties 
of poly(p-phenylene-terephthalamide) fibres," Polymer, vol. 27, no. December, pp. 
1845-1849, 1986.  
[16]  G. Derombise, L. Vouyovitch Van Schoors, E. Klop, A. Schotman, G. Platret and 
P. Davies, "Crystallite size evolution of aramid fibres aged in alkaline 
environments," Journal of Material Science, vol. 47, pp. 2492-2500, 2012.  
[17]  E. Roche, S. G. V. Allen and B. Cox, "Thin film morphology and crystal structure 
of the poly(p-phenylene terephthalamide)/sulphuric acid system," Polymer, vol. 30, 
no. October, pp. 1776-1784, 1989.  
[18]  E. G. Chatzi and J. L. Koenig, "Morphology and Structure of Kevlar Fibers: A 
Review," Polymer-Plastics Technology and Engineering, vol. 26, no. 3-4, pp. 229-
270, 1987.  
[19]  R. J. Morgan, C. 0. Pruneda and W. J. Steele, "The Relationship between the 
Physical Structure and the Microscopic Deformation and Failure Processes of Poly 
(p-Phenylene Terephthalamide) Fibers," Journal of Polymer Science: Polymer 
Physics Edition, vol. 21, pp. 1757-1783, 1983.  
[20]  H. Blades, "Dry-Jet Wet Spinning Process". United States of America Patent 
3,767,756, 30 June 1973. 
[21]  H. Yang, Aromatic High-Strength Fibers, New Yotk: Wiley-Interscience, 1989.  
[22]  I. V. Slugin, G. B. Sklyarova, A. I. Kashirin and L. V. Tkacheva, "Rusar Para-
Aramid Fibres for Composite Materials for Construction Applications," Fibre 
Chemistry, vol. 38, no. 1, pp. 25-26, 2006.  
[23]  Alchemie, "AuTx History," [Online]. Available: http://alchemie-group.com/core-
materials-technology/autx-aramid-fibre/compliance/. [Accessed 13 May 2013]. 
[24]  S. J. Picken, S. v. d. Zwaag and M. G. Northolt, "Molecular and macroscopic 
orientational order in aramid solutions: a model to explain the influence of some 
spinning parameters on the modulus of aramid yarns," Polymer, vol. 33, no. 14, pp. 
2998-3006, 1992.  
[25]  S. R. Allen, E. J. Roche, B. Bennett and R. Molaison, "Tensile deformation and 
failure of poly(p-phenylene terephthalamide) fibres," Polymer, vol. 33, no. 9, pp. 
1849-1854, 1992.  
 
115 
[26]  M. G. Dobb, D. J. Johnson and B. Saville, "Supramolecular Structure of a High-
Modulus Polyaromatic Fiber (Kevlar 49)," Journal of Polymer Science: Polymer 
Physics Edition, vol. 1977, pp. 2201-2211, 1977.  
[27]  M. Dobb and R. Robson, "Structural characteristics of aramid fibre variants," 
Journal of Materials Science, vol. 25, pp. 459-464, 1990.  
[28]  G. Kisst and R. Porter, "Rheo-Optical Studies of Liquid Crystalline Solutions of 
Helical Polypeptides," Molecular Crystals and Liquid Crystals, vol. 60, no. 4, pp. 
267-280, 1980.  
[29]  A. M. Donald and A. H. Windle, "Electron microscopy of banded structures in 
oriented thermotropic polymers," Journal of Materials Science, vol. 18, pp. 1143-
1150, 1983.  
[30]  A. Donald, C. Viney and A. Windle, "Banded structures in oriented thermotropic 
polymers," Polymer, vol. 24, pp. 155-159, 1983.  
[31]  H. H. Yang, M. P. Chouinard and W. J. Lingg, "Strain Birefringence of Kevlar 
Aramid Fibers," Journal of Applied Polymer Science, vol. 34, pp. 1399-1414, 1987.  
[32]  E. Roche, S. Allen, C. Fincher and C. Paulson, "Macrostructural deformation of 
Kevlar 49 aramid fibers," Molecular Crystals and Liquid Crystals Incorporating 
Nonlinear Optics, vol. 153, pp. 547-552, 1987.  
[33]  S. C. Simmens and J. W. S. Hearle, "Observation of Bands in High-Modulus 
Aramid Fibers by Polarization Microscopy," Journal of Polymer Science: Polymer 
Physics Edition, vol. 18, pp. 871-876, 1980.  
[34]  M. M. Shahin, "Optical Microscopy Study on Poly(p-phenylene terephthalamide) 
Fibers," Journal of Applied Polymer Science, vol. 90, pp. 360-369, 2003.  
[35]  M. Panar, P. Avakian, R. C. Blume, K. H. Gardner, T. D. Gierke and H. H. Yang, 
"Morphology of Poly( p-Phenylene Terephthalamide) Fibers," Journal of Polymer 
Science: Polymer Physics Edition, vol. 21, pp. 1955-1969, 1983.  
[36]  L. C. Sawyer and M. Jaffe, "The Structure of Thermotropic Copolyesters," Journal 
of Materials Science, vol. 21, pp. 1897-1913, 1986.  
[37]  L. C. Sawyer, R. T. Chen, M. G. Jamieson, I. Musselman and P. Russell, "The 
Fibrillar Hierarchy in Liquid Crystalline Polymers," Journals of Materials Science, 
vol. 28, pp. 225-238, 1993.  
 
 
116 
[38]  T. Itoh and M. Hashimoto, "Observation on Skin-Core, Microfibril and Pleated 
Band Morphology in Poly (p-phenylene Terephthalamide) Fibers Using 
Transmission and Scanning Electron Microscopes," Sen'i Gakkaishi, vol. 53, no. 
12, pp. 565-569, 1997.  
[39]  M. G. Northolt, "X-Ray diffraction study of poly(p-phenylene terephthalamide) 
fibres," European Polymer Journal, vol. 10, pp. 799-804, 1974.  
[40]  J. Liu, S. Z. D. Cheng and P. H. Geil, "Morphology and crystal structure in single 
crystals of poly(p-phenylene terephthalamide) prepared by melt polymerization," 
Polymer, vol. 37, no. 8, pp. 1413-130, 1996.  
[41]  K. Tashiro, M. Kobayashi and H. Tadokoro, "Elastic Moduli and Molecular 
Structures of Several Crystalline Polymers, Including Aromatic Polyamides," 
Macromolecules, vol. 10, no. 2, pp. 413-420, 1977.  
[42]  C. L. Jackson and H. D. Chanzy, "Morphology and structure of poly(p-phenylene 
terephthalamide) crystallized from dilute organic solution," Polymer, vol. 34, no. 
24, pp. 5011-5015, 1993.  
[43]  K. Haraguchi, T. Kajiyama and M. Takayanagi, "Effect of Coagulation Conditions 
on Crystal Modification of Poly(p-phenylene Terephthalamide)," Journal of 
Applied Polymer Science, vol. 23, pp. 915-026, 1979.  
[44]  M. G. Dobb, D. J. Johnson and B. P. Saville, "Direct observation of structure in 
high-modulus aromatic fibers," Journal of Polymer Science: Polymer Symposia, 
vol. 58, no. 1, pp. 237-251, 1977.  
[45]  S. Rebouillat, "Aramids," in High-performance Fibres, Cambridge, Woodhead 
Publishing, 2001, pp. 23-61. 
[46]  R. J. Barton, "Paracrystallinity-modulus relationships in kevlar aramid fibers," 
Journal of Macromolecular Science, Part B: Physics, vol. 24, no. 1-4, pp. 119-130, 
1985.  
[47]  S. v. d. Z. e. al, "Chain Stretching in Aramid Fibres," Polymer Communications, 
vol. 28, no. October, pp. 276-277, 1987.  
[48]  K. Nakamae, T. Nishino and X. Airu, "Poisson's ratio of the crystal lattice of poly 
(p-phenylene terephthalamide) by X-ray diffraction," Polymer, vol. 33, no. 23, pp. 
4898-4900, 1992.  
 
 
117 
 
[49]  B. Chu and e. al., "Synchrotron X-Ray Diffraction of a Single Synchrotron X-Ray 
Diffraction of a Single Terephthalamide ) Filaments," Journal of Polymer Science: 
Part C: Polymer Letters, vol. 28, pp. 227-232, 1990.  
[50]  A. Hindeleh, N. Halim and K. Ziq, "Solid-state morphology and mechanical 
properties of Kevlar 29 fiber," Journal of Macromolecular Science, Part B: 
Physics, vol. 23, no. 3, pp. 289-309, 1984.  
[51]  A. Hindeleh and S. Abdo, "Effects of annealing on the crystallinity and 
microparacrystallite size of Kevlar 49 fibres," Polymer, vol. 30, no. Feb., pp. 218-
224, 1989.  
[52]  A. M. Hindeleh and A. A. A. Obaid, "X-ray Diffraction and TGA Studies on 
Annealed PPT Twaron Fibers and Powder," Acta Polymer, vol. 47, pp. 55-61, 
1996.  
[53]  H. Springer, A. Abu Obaid, A. Prabawa and G. Hinrichsen, "Influence of 
Hydrolytic and Chemical Treatment on the Mechanical Properties of Aramid and 
Copolyaramid Fibers," Textile Research Journal, vol. 68, no. 8, pp. 588-594, 1998.  
[54]  E. G. Chatzi, M. W. Urban and J. L. Koenig, "Characterization of Kevlar Fiber 
Surfaces Using a Newly Developed Infrared Photoacoustic Technique," Makromol. 
Chem., Macromol. Symp., vol. 5, p. 99, 1986.  
[55]  C. Connor and M. Chadwick, "Characterization of absorbed water in aramid fibre 
by nuclear magnetic resonance," Journal of Materials Science, vol. 31, pp. 3871-
3877, 1996.  
[56]  Y. Rao, A. Waddon and R. Farris, "Structure-Property Relation in Poly(p-
phenylene terephthalamide) (PPTA) Fibers," Polymer, vol. 42, pp. 5937-5946, 
2001.  
[57]  A. E. Zavadskii, I. M. Zakharova and Z. N. Zhukova, "Features of the fine structure 
of aramid fibres," Fibre Chemistry, vol. 30, no. 1, pp. 6-10, 1998.  
[58]  A. A. Obaid, J. M. Deitzel, J. W. G. Jr and J. Q. Zheng, "The Effects of 
Environmental Conditioning on Tensile Properties of High Performance Aramid 
Fibers at Near-Ambient Temperatures," Journal of Composite Materials, vol. 45, 
no. 11, pp. 1217-1231, 2011.  
 
 
118 
[59]  S. Ran, X. Zong, D. Fang, B. Hsiao and B. Chu, "Studies of the mesophase 
development in polymeric fibers during deformation by synchrotron 
SAXS/WAXD," Journal of Materials Science, vol. 36, pp. 3071-3077, 2001.  
[60]  R. Hosemann and A. Hindeleh, "Structure of crystalline and paracrystalline 
condensed matter," Journal of Macromolecular Science, Part B: Physics, vol. 34, 
no. 4, pp. 327-356, 1995.  
[61]  T. Wu and J. Blackwell, "Comparison of the Axial Correlation Lengths and 
Paracrystalline Distortion for Technora and Kevlar Aromatic Polyamide Fibers," 
Macromolecules, vol. 29, pp. 5621-5627, 1996.  
[62]  Y. Rao, A. J. Waddon and R. J. Farris, "The Evolution of Structure and Properties 
in Poly(p-phenylene Terephthalamide) Fibers," Polymer, vol. 42, pp. 5925-5935, 
2001.  
[63]  A. Hindeleh and S. M. Abdo, "Relationship between crystalline structure and 
mechanical properties in Kevlar 49 fibres," Polymer Communications, vol. 30, no. 
6, pp. 184-186, 1989.  
[64]  A. Jain and K. Vijayan, "Forbidden reflections from the aramid PPTA—A novel 
correlation with stacking faults," Bull. Mater. Sci., vol. 27, no. 1, pp. 47-50, 2004.  
[65]  E. Krenzer and W. Ruland, "Lattice defects in poly(p-phenylene-terephthalamide) 
fibers)," Colloid & Polymer Science, vol. 263, pp. 554-562, 1985.  
[66]  S. Li, A. McGhie and S. Tang, "Internal structure of Kevlar fibres by atomic force 
microscopy," Polymer, vol. 34, no. 21, pp. 4573-4575, 1993.  
[67]  S. Roth, M. Burghammer, A. Janotta and C. Riekel, "Rotational Disorder in Poly(p-
phenylene terephthalamide) Fibers by X-ray Diffraction with a 100 nm Beam," 
Macromolecules, vol. 36, pp. 1585-1593, 2003.  
[68]  R. J. Davies, M. Burghammer and C. Riekel, "Studying Morphological Variations 
Across Single Fibres using an X-ray Waveguide," Journal of Synchrotron 
Radiation, vol. 12, pp. 765-771, 2005.  
[69]  J. Hodson, C. O. Pruneda, R. P. Kershaw and R. J. Morgan, "The Deformation and 
Failure Processes of Kevlar 49 Single Filaments," J. Compos. Technol. Res., vol. 5, 
no. 4, pp. 115-117, 1983.  
[70]  R. J. Young, D. Lu, R. J. Day, W. F. Knoff and H. A. Davis, "Relationship between 
Structure and Mechanical Properties for Aramid Fibres," Journal of Material 
Science, vol. 27, pp. 5431-5440, 1992.  
 
119 
[71]  R. J. Davies, C. Koenig, M. Burghammer and C. Riekel, "On-axis microbeam 
wide- and small-angle scattering experiments of a sectioned poly(p-phenylene 
terephthalamide) fiber," Applied Physics Letters, vol. 92, 2008.  
[72]  J. Singletary, H. Davisy, Y. Song, M. K. Ramasubramanian and W. Knoff, "The 
Transverse Compression of PPTA Fibers: Part II Fiber Transverse Structure," 
Journal of Materials Science, vol. 35, pp. 583-592, 2000.  
[73]  J. F. Graham, C. McCague, O. L. Warren and P. R. Norton, "Spatially Resolved 
Nanomechanical Properties of Kevlar Fibers," Polymer, vol. 41, pp. 4761-4764, 
2000.  
[74]  Q. P. McAllister, J. J. W. Gillespie and M. R. VanLandingham, "Evaluation of the 
Three-Dimensional Properties of Kevlar Across Length Scales," J. Mater. Res., vol. 
27, no. 14, pp. 1824-1837, 2012.  
[75]  Q. P. McAllister, J. W. G. Jr. and M. R. VanLandingham, "The Influence of 
Surface Microstructure on the Scratch Characteristics of Kevlar Fibers," J. Mater. 
Sci., 2012.  
[76]  M. G. Dobb and R. M. Robson, "Structural characteristics of aramid fibre variants," 
Journal of Materials Science, vol. 25, pp. 459-464, 1990.  
[77]  S. F. Y. Li, A. J. McGhie and S. L. Tang, "Comparative study of the internal 
structures of Kevlar and spider silk by atomic force microscopy," J. Vac. Sci. 
Technol. A, vol. 12, pp. 1891-1894, 1994.  
[78]  M. G. Northolt, "The Structure and Mechanical Properties of Poly( p- phenylene 
terephthalamide) Fibre," The British Polymer Journal, vol. 13, no. June, pp. 64-65, 
1981.  
[79]  M. Northolt, "Tensile deformation of poly(p-phenylene terephthalamide) fibres, an 
experimental and theoretical analysis," Polymer, vol. 21, no. October, pp. 1199-
1204, 1980.  
[80]  R. H. Ericksen, "Creep of aromatic polyamide fibres," Polymer, vol. 26, no. May, 
pp. 733-746, 1985.  
[81]  E. S. Tsobkallo, V. A. Kvaratskheliya, D. Shen and D. Vait, "Recovery Properties 
of Amide Fibers Fabricated from Polymers with Different Molecular Chain 
Rigidity at High Temperatures," Fibre Chemistry, vol. 33, no. 5, pp. 386-390, 
2001.  
 
 
120 
[82]  M. G. Dobb, D. J. Johnson, A. Majeed and B. P. Saville, "Microvoids in Aramid-
Type Fibrous Polymers," Polymer, vol. 20, no. October, pp. 1284-1288, 1979.  
[83]  M. G. Dobb, C. R. Park and R. M. Robson, "Role of microvoids in aramid fibres," 
Journal of Materials Science, vol. 27, pp. 3876-3878, 1992.  
[84]  D. T. Grubb, K. Prasad and W. Adams, "Small-angle X-ray Diffraction of Kevlar 
using Synchrotron Radiation," Polymer, vol. 32, no. 7, pp. 1167-1172, 1991.  
[85]  R. a. P. C. Morgan, "The characterization of the chemical impurities in Kevlar 49 
fibres," Polymer, vol. 28, no. February, pp. 340-346, 1987.  
[86]  A. P. Smith and H. Ade, "Quantitative Orientational Analysis of a Polymeric 
Material (Kevlar Fibers) with xray Microspectroscopy," Applied Physics Letters, 
vol. 69, no. 25, pp. 3833-3835, 1996.  
[87]  K. Yabuki, H. Ito and T. Ota, "Relation between fine structure and mechanical 
properties of poly(para-phenylene terephthalamide) fibres," Sen-I Gakkaishi, vol. 
32, no. 2, pp. T55-T61, 1976.  
[88]  M. Fukuda and H. Kawai, "Effect of Water on the Crystal Structure of Regular 
Kevlar," Sen'i Gakkaishi, vol. 52, no. 11, pp. 582-590, 1996.  
[89]  F. McGarry and J. Moalli, "Mechanical behaviour of rigid rod polymer fibres: 1. 
Measurement of axial compressive and transverse tensile properties," POLYMER, 
vol. 32, no. 10, pp. 1811-1815, 1991.  
[90]  D. Langueranda, H. Zhang, N. Murthy, K. Ramesh and F. Sansoz, "Inelastic 
behavior and fracture of high modulus polymeric fiber bundles at high strain-rates," 
Materials Science and Engineering A, vol. 500, pp. 216-224, 2009.  
[91]  L. Konopasek and J. Hearle, "The tensile fatigue behavior of para-oriented aramid 
fibers and their fracture morphology," Journal of Applied Polymer Science, vol. 21, 
pp. 2791-2815, 1977.  
[92]  J. Greenwood and P. Rose, "Compressive behaviour of Kevlar 49 fibres and 
composites," Journal of Materials Science, vol. 9, pp. 1809-1814, 1974.  
[93]  M. G. Dobb, D. J. Johnson and B. P. Saville, "Compressional behaviour of Kevlar 
fibres," Polymer, vol. 22, no. July, pp. 960-965, 1981.  
[94]  S. J. Deteresa, S. R. Allen, R. J. Farris and R. S. Porter, "Compressive and 
Torsional Behaviour of Kevlar 49 Fibre," Journal of Materials Science, vol. 19, pp. 
57-72, 1984.  
 
121 
[95]  E. P. Socci, D. A. Thomas, R. K. Eby, D. T. Grubb and W. W. Adams, "Orientation 
changes in Kevlar 49 under axial compression," Polymer, vol. 37, no. 22, pp. 5005-
5009, 1996.  
[96]  F. McGarry and J. Moalli, "Mechanical behaviour of rigid-rod polymer fibres: 2. 
Improvement of compressive strength," Polymer, vol. 32, no. 10, pp. 1816-1820, 
1991.  
[97]  S. L. Bazhenov, A. K. Rogozinski, S. S. Mal’kov and A. A. Berlin, "An 
Anomalous Dependence of the Elastic Modulus of Aramid Fibers on Strain," 
Polymer Science, vol. 53, no. 12, pp. 1182-1186, 2011.  
[98]  S. Allen and E. Roche, "Deformation behaviour of Kevlar aramid fibres," Polymer, 
vol. 30, no. June, pp. 996-1003, 1989.  
[99]  J. Lim, J. Zheng, K. Masters and W. Chen, "Effects of gage length, loading rates, 
and damage on the strength of PPTA fibers," International Journal of Impact 
Engineering, vol. 38, pp. 219-227, 2011.  
[100]  M. Cheng, W. Chen and T. Weerasooriya, "Mechanical Properties of Kevlar KM2 
Single Fiber," Journal of Engineering Materials and Technology, vol. 127, no. 
April, pp. 197-203, 2005.  
[101]  J. Lim, J. Zheng, K. Masters and W. Chen, "Mechanical behavior of A265 single 
fibers," Journal of Material Science, vol. 45, pp. 652-661, 2010.  
[102]  M. Cheng, W. Chen and T. Weerasooriya, "Experimental investigation of the 
transverse mechanical properties of a single Kevlar KM2 fiber," International 
Journal of Solids and Structures, vol. 41, pp. 6215-6232, 2004.  
[103]  Bulletin K-1, "Properties of Industrial Filament Yarns of Kevlar Aramid Fiber for 
Tires and Mechanical Rubber Goods," E. I. du Pont de Nemours and Co., Inc., 
December 1974. 
[104]  B. K-5, "Characteristics and Uses of Kevlar 49 Aramid High Modulus Organic 
Fiber," E. I. du Pont de Nemours and Co., Inc., production information, September 
1981. 
[105]  M. Dobb, R. Robson and A. Roberts, "The ultraviolet sensitivity of Kevlar 149 and 
Technora fibres," Journal of Materials Science, vol. 28, pp. 785-788, 1993.  
[106]  H. Zhang, J. Zhang, J. Chen, X. Hao, S. Wang, X. Feng and Y. Guo, "Effects of 
solar UV irradiation on the tensile properties and structure of PPTA fiber," Polymer 
Degradation and Stabillity, vol. 91, pp. 2761-2767, 2006.  
 
122 
[107]  H. Wang, H. Xie, Z. Hu, D. Wu and P. Chen, "The influence of UV radiation and 
moisture on the mechanical properties and micro-structure of single Kevlar fibre 
using optical methods," Polymer Degradation and Stability, vol. 97, pp. 1755-
1761, 2012.  
[108]  R. E. Allred and D. Roylance, "Transverse Moisture Sensitivity of Aramid/Epoxy 
Composites," Journal of Materials Science, vol. 18, pp. 652-656, 1983.  
[109]  S. Ozawa, "A New Approach to High Modulus, High Tenacity Fibers," Polymer 
Journal, vol. 19, no. 1, pp. 119-125, 1987.  
[110]  K. Saijo, O. Arimoto, T. Hashimoto, M. Fukuda and H. Kawai, "Moisture sorption 
mechanism of aromatic polyamide fibres: diffusion of moisture into regular Kevlar 
as observed by time-resolved small-angle X-ray scattering technique," Polymer, 
vol. 35, no. 3, pp. 496-503, 1994.  
[111]  C. L. Jackson, R. J. Schadt, K. H. Gardner, D. B. Chase, S. R. Allen, V. Gabara and 
A. D. English, "Dynamic Structure and Aqueous Accessibility of Poly(p-phenylene 
terephthalamide) Crystallites," Polymer, vol. 35, no. 6, pp. 1123-1131, 1994.  
[112]  K. E. Perepelkin, "High-strength, high-modulus fibres made from linear polymers: 
principles of fabrication, structure, properties, and use.," Fibre Chemistry, vol. 42, 
no. 3, pp. 129-142, 2010.  
[113]  M. Iovleva, V. Smirnova, N. Machalaba and G. Budnitskii, "Swelling of Armos 
fibre in active liquid media," Fibre Chemistry, vol. 33, no. 2, pp. 115-116, 2001.  
[114]  M. Iovleva, L. Y. Konovalova, L. Drozd, S. Banduryan, V. Platonov, G. 
Negodyaeva, N. Machalaba and Budnitskii, "Effect of water on the properties of 
fibres of the armos type," Fibre Chemistry, vol. 33, no. 1, pp. 25-28, 2001.  
[115]  C. -S. Li, M. -S. Zhan, X. -C. Huang and H. Zhou, "The Evolution of Structure and 
Properties of Poly(p-phenylene terephthalamide) During the Hydrothermal Aging," 
Journal of Applied Polymer Science, vol. 126, pp. 552-558, 2012.  
[116]  E. Chatzi, M. Urban, H. Ishida and J. Koenig, "Determination of the accessibility of 
N-H groups of Kevlar 49 fibres by photoacoustic FTi.r. spectroscopy," Polymer, 
vol. 27, no. December, pp. 1850-1854, 1986.  
[117]  A. Hindeleh and S. Abdo, "Effects of annealing on the crystallinity and 
microparacrystallite size of Kevlar 49 fibres," Polymer, vol. 30, no. February, pp. 
218-224, 1989.  
 
 
123 
[118]  K. Tanaka, K. Minoshima, T. Oya and K. Komai, "Influences of stress waveform 
and wet environment on fatigue fracture behavior of aramid single fiber," 
Composites Science and Technology, vol. 64, pp. 1531-1537, 2004.  
[119]  S. Keinath and R. Morgan, "Moisture content of aramid and polybenzimidazole 
fibers," Thermochimica Acta,, vol. 166, pp. 17-26, 1990.  
[120]  L. P. Mil'kova, N. S. Pozhalkin, S. I. Banduryan and V. B. Glazunov, 
"Microdeformation properies of aromatic copolyamide fibres," Fibre Chemistry, 
vol. 29, no. 3, pp. 182-184, 1997.  
[121]  R. Klein, V. Werth, J. Dowdy and R. Sayre, "Analysis of Compact Fluorescent 
Lights for Use by Patients with Photosensitive Conditions," Photochemistry and 
Photobiology, vol. 85, no. 4, pp. 1004-1010, 2009.  
[122]  J. Kalantar and L. T. Drzal, "The bonding mechanism of aramid fibres to epoxy 
matrices Part 1 A review of the literature," Journal of Materials Science, vol. 25, 
pp. 4186-4193, 1990.  
[123]  S. Li, R. Smith and A. Neumann, "Wilhelmy Technique and Solidification Front 
Technique to Study the Wettability of Fibres," Journal of Adhesion, vol. 17, no. 2, 
pp. 105-122, 1984.  
[124]  J. Lim, W. Chen and J. Zheng, "Dynamic small strain measurements of Kevlar 129 
single fibers with a miniaturized tension Kolsky bar," Polymer Testing, vol. 29, pp. 
701-705, 2010.  
[125]  Y. Hsieh, M. Wu and D. Andres, "Wetting Characteristics of Poly(p-phenylene 
terephthalamide) Single Fibers and Their Adhesion to Epoxy," Journal of Colloid 
and Interface Science, vol. 144, no. 1, pp. 127-144, 1991.  
[126]  D. E. Turek, "On the Tensile Testing of High Modulus Polymers and the 
Compliance Correction," Polymer Engineering and Science, vol. 33, no. 6, pp. 328-
333, 1993.  
[127]  ASTM, "D 3379-82," Annual Book of ASTM Standards, vol. 15.03, p. 181, 1987.  
[128]  S. Banduryan, M. Ioveleva, A. Shchetinin, N. Machalaba and G. Budnitskii, 
"Electron microscopic study of the structure of Armos fibres," Fibre Chemistry, 
vol. 32, no. 4, pp. 262-266, 2000.  
[129]  F. Bobaru and S. Silling, "Peridynamic 3D models of nanofiber networks and 
carbon nanotube-reinforced composites," in AIP Conference Proceedings (Vol. 
712, p. 1565), Columbus, Ohio, 2004.  
 
124 
[130]  F. Bobaru, "Peridynamics and multiscale modeling," Journal for Multiscale 
Computational Engineering, vol. 9, no. 6, 2011.  
[131]  S. Silling, "Reformulation of elasticity theory for discontinuities and long-range 
forces," Journal of the Mechanics and Physics of Solids, vol. 48, no. 1, pp. 175-
209, 2000.  
[132]  F. Bobaru, "Influence of van der Waals forces on increasing the strength and 
toughness in dynamic fracture of nanofibre networks: a peridynamic approach," 
Modelling and Simulation in Materials Science and Engineering, vol. 15, pp. 397-
417, 2007.  
[133]  F. Bobaru, M. Yang, L. Alves, S. Silling, E. Askari and J. Xu, "Convergence, 
adaptive refinement, and scaling in 1D peridynamics," Int. J. Numer. Meth. Engng, 
vol. 77, pp. 852-877, 2009.  
[134]  I. Chasiotis, "Atomic Force Microscopy in Solid Mechanics," in Springer 
handbook of experimental solid mechanics , Boston, Springer, 2008, pp. 409-443. 
[135]  D. Languerand, H. Zhang, N. Murthy, K. Ramesh and F. Sansoz, "Inelastic 
behavior and fracture of high modulus polymeric fiber bundles at high strain-rates," 
Materials Science and Engineering A, vol. 500, pp. 216-224, 2009.  
[136]  S. Rebouillatt, J. B. Donnet and T. K. Wang, "Surface Microstructure of a Kevlar 
Aramid Fibre Studied by Direct Atomic Force Microscopy," Polymer, vol. 38, no. 
9, pp. 2245-2249, 1997.  
[137]  R. J. Young and M. C. Andrews, "Deformation Micromechanics in High-
Performance Polymer Fibres and Composites," Materials Science and Engineering, 
vol. A184, pp. 197-205, 1994.  
[138]  B. Miller, P. Muri and L. Rebenfeld, "A Microbond Method for Determination of 
the Shear Strength of a Fiber/Resin Interface," Composites Science and 
Technology, vol. 28, pp. 17-32, 1987.  
[139]  A. A. Leal, J. M. Deitzel, S. H. McKnight and J. J. W. Gillespie, "Interfacial 
behavior of high performance organic fibers," Polymer, vol. 50, pp. 1228-1235, 
2009.  
[140]  S. Rebouillat, J. C. M. Peng and J. -B. Donnet, "Surface Structure of Kevlar Fiber 
Studied by Atomic Force Microscopy and Inverse Gas Chromatography," Polymer, 
vol. 40, p. 7341–7350, 1999.  
 
 
125 
[141]  L. Sawyer, D. Grubb and G. Meyers, Polymer Microscopy Third Edition, New 
York: Springer, 2008.  
[142]  H. Warshawsky and P. Bai, "Knife Chatter During Thin Sectioning of Rat Incisor 
Enamel Can Cause Periodicities Resembling Cross-Striations," The Anatomical 
Record, vol. 207, pp. 533-538, 1983.  
[143]  H. Gu, J. Zhang, S. Faucher and S. Zhu, "Controlled chattering - a new 'cutting-
edge' technology for nanofabrication," Nanotechnology, vol. 21, p. 5pp, 2010.  
[144]  A. Al-Amoudi, D. Studer and J. Dubochet, "Cutting artefacts and cutting process in 
vitreous sections for cryo-electron microscopy," Journal of Structural Biology, vol. 
150, pp. 109-121, 2005.  
[145]  J. Dickinson, L. Jensen and M. Klakken, "Electron-beam-induced fracture of 
Kevlar single fibers," J. Vac. Sci. Technol. A, vol. 4, no. 3, pp. 1501-1504, 1986.  
[146]  J. Bencomo-Cisneros, A. Tejeda-Ochoa, J. García-Estrada, C. Herrera-Ramírez, A. 
Hurtado-Macías, R. Martínez-Sánchez and J. Herrera-Ramírez, "Characterization 
of Kevlar-29 fibers by tensile tests and nanoindentation," Journal of Alloys and 
Compounds, vol. 536S, pp. 5456-5459, 2012.  
 
 
 
